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Chapter 1 
ELECTRICITY AND MATTER 


10. Blectricity occurs in many different forms, It appears in spectacular lightning strokes 
and in the quiet glow of pocket flashlights. It drives locomotives and toasts bread. It is found 
in atoms and in living cells. Its influence extends everywhere, and everywhere it is the same 
electricity obeying the same fundamental laws. 

Electricity may move from one place to another, or it may remain at rest in a given place. 
Some of its most fundamental properties appear the same whether it is moving or at rest, and 
these are referred to as the properties of static electricity. Other properties appear only when 
the electricity is moving, and these are referred to as the properties of electric currents. Our 
study of electricity will begin with the static properties. These properties can be most con- 
veniently studied by observing electricity at rest, but the reader should bear in mind that these 
static properties are possessed whether the electricity is at rest or in motion. 


11. Electric Charges Produced by Friction. When certain materials are rubbed together, 
they acquire a special ability to attract other pieces of material. For example, a fountain pen 


rubbed on a woolen coat sleeve can pick up pieces of hair, paper, and other small objects. A 
stick of wax rubbed with wool will show similar attractive powers. So also will a toy balloon 
rubbed with fur, or a glass bulb rubbed with silk. In general, any body that has acquired an at- 
tractive power in this way is said to be charged with electricity, and the forces involved are re- 
ferred to as electric forces. 

A charged body will always attract a neutral body, but two charged bodies may either repel 
or attract each other depending on their nature. For example, two rubber balloons each rubbed 
with fur will repel each other. A balloon rubbed with fur will be repelled by a piece of wax 
rubbed with wool but it will be attracted by a glass bulb rubbed with silk. Two glass bulbs 
rubbed with silk will repel each other, and so on. In general, it is found that all charged bodies 
can be divided into two groups depending on whether they behave like a rubber balloon rubbed 
with fur or like a glass bulb rubbed with silk. Any body in one group will then repel any body in 
the same group but attract any body in the other group. Thus we say there are two kinds of 
electric charges, and that like charges repel while unlike charges attract. The kind of charge 
found on glass rubbed with silk is arbitrarily called positive charge, and the other kind is called 
negative. 

When electrification is produced by rubbing two materials together, charges of opposite sign 
will always be generated on the two bodies. Thus when a glass bulb is charged positively by rub- 
bing it with silk, the silk gets a negative charge. So also when a rubber balloon is charged nega- 
tively by rubbing it with fur, the fur gets a positive charge. 


12. Particles of Electricity. The electricity on a charged body is usually more or less dis- 
tributed over the surface of the body. Such a surface layer of electricity actually consists of a 
large number of small separate charges, just as a layer of dust is made up of separate particles. 
Negative electricity occurs in the form of electrons, which are small permanently charged par- 
ticles of mass. All electrons have the same charge and the same mass and each electron be- 
haves as an indivisible unit. The mass of an electron is 9.11 x 10-28 gm. This is so small that 
it would require 1800 electrons to weigh as much as a hydrogen atom, which is the smallest atom 
of all the chemical elements. Positive electricity is most commonly found in the form of per- 
manently charged particles called protons. Each proton has a positive charge equal in magnitude 
to the negative charge on an electron. The mass of a proton is 1.67 x 10-* gm, which is approxi- 
mately equal to the mass of the hydrogen atom. The proton is thus about 1800 times as heavy as 
an electron. 


3 
0 referred to as sub-atomic particles, since thoy are Smale 
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vical elements, and since they occur as component me 

af these atoms. A chomioal atom may be defined as the smallest plece of a elementa) mate risy 

that can exiat and still exhibit the characteristic chemical properties of that element, Chemical 
atoms behave as indivisible units as far as chemical reactions are concerned, but they are Scan 
composite bodies containing electrons protons and neutrons, A an aah avs type of sub. 

atomic particle which has approximately the same mass As a proton but which has no electric 


charge. 
18. The Structure of Atoms, As stated above, an at 
has at its center a nucleus, which is a closely packed combination of protons and neutrons lous 


has a positive charge equal to 

together by non-electric forces, The nucleus accordingly ) the 

nrg of a the protons included, Outside this nucleus, an atom has one or more electrons 
tatic attraction of the positively charged nucleus. Each atom 


rather loosely held by the electros 
normally aces alee for each proton inside the nucleus, so that the total charge on the 
om is sero. 

‘ For introductory purposes an atom may be pictured as a planetary system like our solar 

system. The nucleus of the atom corresponds to the sun. The electrons correspond to the 

planets. Electric forces hold the electrons to the nucleus in an atom just as gravitational forces 

hold the planets to the sun in the solar system. Also the relative sizes and distances in an 
mpty space just as it is in the solar system, 


are such that most of the space in an atom Is e 
atom with an atomic number of five is illustrated in Fig. 18. There are five protons (®) ang 


five neutrons (@) in the nucleus, but not all of them 

show as the figure is drawn, Atoms are far too small 

to be seen by visible light, and the arrangement of the jot Eh mz, 

parts inside the atom must be inferred from indirect 

experiments. Ilustrations of atoms as shown in Fig. a hy 

18 are therefore to be regarded as schematic dia- f 

grams rather than actual pictures. ao S \ 
The mass of an atom is determined mostly by the ff \ 

mass of its nucleus. This must be true because the 

mass of an electron is small compared to the mass of ° fe) 

a proton, The chemical nature of an atom depends on \ \ J 

how many electrons it has outside the nucleus. That / 

in turn depends on the number of protons in the nu- fe} “~~ — ra) 

cleus. Thus it is that the chemical nature depends on a 

the number of protons in the nucleus. That number Nn Pi 

is referred to as the atomic number of the chemical oo 

element involved. Fig. 13. 
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om is a composite structure. Each a 
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14. Extraction of Electric Particles from Atoms. Electrons and protons can be extracted 
from atoms and left to exist as independent particles unattached to any atom. The electrons 
come from the outer part of the atom and may be extracted rather easily by any one of several 
processes. They may be pulled out of atoms directly by applying large electric forces to the 
surface of a body of material. They may be ejected from the surface of a body by illuminating 
the surface with certain kinds of radiation, such as ultra-violet light. They may be literally 
knocked out of the material by bombarding it with high speed particles. Most simply of all, they 
can be “boiled” out by heating the material hot enough so that the electrons evaporate from the 
surface much as molecules of vapor evaporate from the surface of a liquid. Confirming the fact 
that electrons are a universal constituent of all matter, it is found that all electrons are the 
same regardless of the material from which they are obtained, and regardless of the method by 
which they are extracted. 

Since electrons come from the outer part of an atom, they can be removed without affecting 
the structure of the nucleus, This means that an atom can lose electrons without losing its 
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chemical identity. In general, it will later gain back some stray electrons and again become a 
normal atom of the same kind. 

The extraction of a proton from a nucleus is a relatively difficult process, and it can be ac- 
complished only by the application of a large amount of energy. Anatom from which a proton 
has been removed is permanently changed into a different chemical element by the process, 
Such transmutations will be studied in a later part of this text. 

When electrons or protons exist as independent particles, they behave like any other par- 
ticles of mass, except for the added characteristic of carrying a permanent charge. They have 
the ordinary property of inertia, and obey the same laws of mechanics as do the larger masses 
which we are more familiar. Because of their smallness, electrons and protons can be ac- 
celerated to very high velocities by the sources of energy at our disposal. These velocities are 
many times greater than the highest velocities man has been able to impart to ordinary visible 
objects. In applying the usual laws of mechanics for these high velocities, it must be remem- 
bered that the mass of any body may be considered constant only if the velocity is small com- 
pared to the velocity of light. Actually the mass m of a body increases with the velocity v ac- 
cording to the equation m = m,/ V1 - (v/c)" where m, is the mass at rest and c is the velocity 
of light. As long as v is less than 1/20th of c, the difference between m and m, is less than .1%. 


15. Electronic Explanation of Charging by Rubbing. Since any body of matter is an aggre- 
gate of atoms, it must always contain a large number of both negative and positive charges, A 
so-called uncharged body is electrically neutral, not because of the absence of charge, but 
rather because the two kinds of charges occur in the atoms in equal amounts. The two kinds of 
charge then neutralize each other as far as any external effect is concerned. 

For a body to acquire an electric charge, it must be left with an excess charge of one kind 
or another. When two substances are electrified by rubbing, some of the electrons that belong 
on one body get attached to the other body. This leaves the first body with an excess of positive 
charge, while the second body carries an equal excess of negative charge. 

The ability of a material to take electrons from another material by rubbing is a relative 
ability. In other words, all materials can be arranged in a sequence such that any given materi- 
al will gain electrons from materials which precede it in the sequence, but lose electrons to 
materials which follow it. The forces involved in the transfer of electrons by rubbing are prob- 
ably similar to those which account for the chemical combinations of atoms in molecules. 

It should be noted that strong electrification may occur when two substances are pressed 
together and then separated quickly without any large scale relative motion between the two 
surfaces. Thus a belt running on a pulley without obvious slippage may acquire an electric 
charge. In factories where charges may be generated by moving belts in this way, the resulting 
sparks may constitute a fire hazard in the presence of explosive dust or vapor. From a micro- 
scopic point of view, both rubbing and temporary pressure have a similar effect. Both processes 
bring large numbers of the two kinds of molecules into close contact, and thus the same electri- 
cal effect may be expected when the molecules are separated. 


16. Units of Charge. Since electricity occurs in the form of particles which are all the same 
size, the amount of electricity on one of these particles constitutes a natural unit of measure- 
ment for electrical charge. Considered as a unit, the amount of charge on one electron is re- 
ferred to as the electronic charge and it is represented by the symbol e. 

The electronic charge is an inconveniently small unit for many purposes. Other larger units 
of charge are the statcoulomb and coulomb. The statcoulomb is equal to 2.08 x 10° electronic 
charges. The coulomb is equal to 6.24 x 10"® electronic charges. A microcoulomb is 107¢ 
coulomb. A number of relationships between these various quantities are given in the table be- 
low in the form in which they will probably be most convenient for reference. 


1 coulomb (coul) = 3 x 10° statcoulomb (statcoul) 
1 coulomb (coul) = 10° micro-coulomb (u-coul) 
e = 16.02 x 107° coul. 
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The sizes of the coulomb and statcoulombd were arbitrarily chosen with regard to other 
siderations before the existence of electrons was known, and hence the relationship between te” 
larger units and the electronic charge had to be determined by experiment. 


17. Coulomb’s Law of Force between Charges. Experiment shows that the mutual force ie: 


of either cha 
tween any two electric charges is directly proportional to the size ge and 
proportional to the distance between the charges. This law of behavior was recognized by Cr sely 
Coulomb (1736-1806) and is known by his name, Coulomb's Law of force may be expresseg i, 
mathematical form by the equation 


F-K ¢ (17-3) 


where F is the force, K, is a constant of proportionality, and r is the distance between the ty, 
charges q and Q in empty space. 

The constant K, can be determined by measuring the force between two known charges a 
given distance apart. Its value is 


wt 
K, = 9210 Teout®| (17-2) 


XN 
If the measurement is made in air, a slightly different constant should be used. However the ur. 
ference is so small that it will not affect the first three significant figures that are to be used in 
problems in this textbook. The units of K, as given have been chosen so that the units will ba) 
ance in Eq. (17-2), if the force is in newtons, the distance in meters and the charges are in coy. 
lombs. Equation (17-1) is applicable to concentrated bodies of charge which are small compareg 
to the distance r. 

Equation (17-1) shows that it would be impossible to handle two segregated static charges 
as large as a coulomb within the confines of an ordinary laboratory. The force between two cou- 
lombs of charge ten feet apart would be about one hundred thousand tons, The static 
encountered in practice are so much smaller than a coulomb that they can most 
expressed in statcoulombs or microcoulombs. -Twa charges of a microcoulomb each placed a 
meter apart would give a force of the order of|1 gm. 


Chapter 2 
ELECTRIC CHARGES ON MATERIAL BODIES 


20. The Electroscope. The presence of electric charges on some bodies can be detected by 
the changed appearance of the body. For example a piece of fur may show a charge by the way 
the hairs stand on end. A silk tassel shows a charge by the way the separate strands spread 
apart from each other. This spreading is caused by the mutual repulsion of similar charges on 
the different strands. 

An electroscope is a device particularly designed to indicate the presence of a charge as 
clearly as possible. The most common type of electroscope is the so-called leaf electroscope. 
A leaf electroscope has a narrow strip of very thin metal foil F suspended beside a vertical rod 
A by fastening the top end of the foil to the side of the rod. The lower end of the foil hangs free 
at the lower end of the rod. The rod itself is supported near its top end by a non-metallic collar 
C, as shown in Fig. 20. A cylindrical case G with glass sides protects the delicate foil without 
obstructing the view. When an electroscope is charged, the mutual repulsion of the charges on 


w 


to a charged body. 
Experiment shows that an electroscope can be influence 
d by bring- 
ing a charged body near it without actually touching it. In ahet oon, 
an uncharged electroscope will be deflected merely by the approach of a Fig. 20, 
charge of either sign. If an electroscope is already charged, its deflec- 
tion will be increased by the approach of a like charge, and decreased by the approach of an un- 


like charge. Thus an electroscope can be used to detect the 
there is a known charge available for comparison. sign of unknown charges provided 


21. Conductors and Insulators. As explained above a char 
+ Met avaialaucm Tetra, ’ ged body is one having an excess 
of either kind of charge. If there are excess charges of either sign, these charges will repel 
each other according to Coulomb’s law, and thus will tend to move a 
are crowded together, and toward points where ther 


er, the material is called an insulator. There are no perfect co 
offer some resistance to the flow of charges. Also there are no 
terials will permit at least a little motion of charge. In general, metals are the best conductors 
of all known substances, while materials such as glass, wax and plastics are relatively good in- 
sulators. Other substances such as carbon, moist wood, etc., are intermediate materials which 
do not conduct as well as the metals, but conduct better than glass and wax. 

The properties of any material as a conductor or an insulator can be observed by holding a 
piece of the material in your hand and touching the material to a charged electroscope. If the 
material is a good conductor the charges which are on the electroscope will flow off to your 
hand and the electroscope will be discharged. Observed in this way, the human body itself is a 
relatively good conductor, because an electroscope will be discharged immediately when touched 
directly by the hand. Pieces of metal will apparently discharge an electroscope as quickly as 
when it is touched directly by hand. A piece of wood will discharge the electroscope slowly. In- 
sulators such as glass will discharge the electroscope so slowly that the leakage may not be de- 
tected unless the observations are made over a long period of time. 

Gases are normally almost perfect insulators. Under some conditions however, a body of 
gas may become conducting. For example, if a lighted match is held in the air near a charged 


electroscope, the electroscope will be discharged through the air. Other conditions which make 
a gas conducting will be mentioned later (Sect. 24). 


22. Charging and Discharging Bodies by Conduction. A conducting body can be charged by 
touching it to a charged conductor. For example, suppose we have an uncharged metal ball B 
and a charged ball A as shown at (a) in Fig. 22. If B is touched to A as shown at (b), the charges 
which were crowded on A will spread over A and B. When B is removed from A, it will then 
carry some of the charge with it. 

A conducting body can also be charged by touching it to a charged insulator. Thus a metal 
ball touched to a charged glass rod will receive some charge. In this case however, the ball will 
receive charge only from the immediate area of contact, and it will be necessary to slide the 
ball over a considerable area of the glass surface to get an appreciable charge. 

All parts of a conducting body can be discharged by touching it at one end, just as all parts 
of a tire will be deflated by a hole at one point. On the other hand it is impossible to discharge 
a charged insulator by touching it at one point. Touching the insulator may remove some charge 
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from the point of contact, but the chargea on the other parts 
of the body will remain where they are. To dincharge an ing + 
sulator we must accordingly une a procenn that directly af- yA i ® (a) 
fects every point of the surface, One method of dincharging fee 
an insulator is to hold it ina flame, The charges generated 
in the flame then neutralize the charges on the body, This 
method is used in printing presnen where the moving paper 
may become so strongly charged that it is difficult to handle, 
To prevent this the paper is sometimes passed over a row Oo (b) 
of burning gas jets, \ 

Since a conducting body can be dincharged by touching tt ve te 
at only one point, such bodies must be carefully mounted on 
insulating supports if we wish to have them hold a charge, 
In practice, static charges produced by rubbing are not often 
found on metals, because the charges usually leak off of the 


metals as fast as they are generated. Large static charges tne + 
can be generated on metals provided they are well insulated. ’ TOu (c) 
+ + + 


23. The Distribution of Charge on Conductors, It follows 
from the properties of a conducting material that there can 


be no excess static charge of either sign distributed through- Fig, 22 

out the interior of a conducting body. Under the forces of | 

mutual repulsion, any such charges will move as far apart as possible and come to rest only 
when they have reached the surface of the conductor. For the same reason there will be no 
charge on the inner surface of an empty hollow metal body. 

The distribution of charge on a hollow conductor may be demonstrated by an. experiment hay- 
ing three successive steps (a), (b) and (c) as indicated in Fig. 23-1. This experiment shows that 
a metal ball B momentarily touched to the inside of a hollow charged conductor A can be re~ 
moved without having received any charge. On the other hand, if the metal ball is touched to the 
outside of the charged conductor, and then removed, it will have received a charge as indicated 
in Fig. 23-2. 


© 1 1m 
6 { + +| + 
+ + ¢ 
(b) (c) (a) (c) 


(b) 
Fig. 23-1 Pig. 23-2 
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24.,The Mechanism of Electrical Conduction. Any material which contains charges that are 
free to move will act as a conductor. In solid bodies where the atoms are rigidly fixed in space, 
conduction apparently depends on the motion of temporarily detached electrons moving in the 
spaces between the atoms. The number of electrons per unit volume that are detached from the 
atoms at any particular time is different for different solids, and this accounts for differences 
in conduction. Metals are distinguished by having a relatively large number of these so-called 
free electrons, and for this reason they are the best conductors. 

In some liquids, conduction may be due to the motion of free electrons as it is in solids. In 
other liquids, atoms which have acquired a charge of either sign may move among the uncharged 
atoms of the liquid, thereby constituting a flow of charge. 

Gases act as conductors when some of the molecules become charged by’ losing or gaining 
electrons. These mobile charged particles which make the gas conducting are called ions. The 
atmosphere always contains a few such ions which have been produced by cosmic radiation. 
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Additional ions can be produced by subjecting the gas to x-rays or radioactive radiations, Chem- 
ical combustion also produces ions and such fons exist {nthe alr near open flames. 

Taking all kinds of conductors into Account, a certain observed conductive effect may be due 
to positive charges moving in one direction, negative charges moving in the other direction, or 
to both positive and negative charges moving simultaneously in opposite directions through the 
same conductor. From any of the effects of conduction which may be observed outside the con- 
ductor, it is generally impossible to tell which kind of charge is moving inside the conductor. 
Following historical precedent, we shall accordingly discuss all such effects on the assumption 
that they are due to the motion of positive charge in the conductor. We will not concern ourselves 
with the truth of this assumption except when we wish to specifically consider the events which 
occur in the hidden interior of some particular type of conductor. It will also be the general 


ractice in this book to use the t ' 
ignated otherwise. erm charge to mean a positive charge, unless specifically des 


Chapter 3 


ELECTRIC FIELDS 


$0. Electric Field Stre - We have seen that 
= corse Ste’d Strength. a given fixed charge Q can exert forces on 
other et a pad if they are some distance away. Hence the influence of a charge Q must ex- 
tend out into © Space around it, becoming weaker as the distance from Q increases. In 


&=F/q (30-1) 


For example, suppose that we wish to measure the field strength at a certain point, and we find 
that a force of 10 newtons acts on a movable test charge of 2 microcoulombs placed at that point. 
The field strength will accordingly be given by 


_ 10 newtons 
E= 2 H-coul ~ 5 newt per “-coul 


It follows from Coulombs law that the force on any charge is proportional to the charge. 
Hence after € has been found by measuring the force on any one charge, the force that will act 
on any other charge placed at the same point may be computed by writing Eq. (30-1) in the form 


F = €q (30-2) 


For example, if € is 2 newtons per microcoulomb as given above, the force on a charge of 
50 u-coul would be given by 


newt 


i H-coul 


x 50 H-coul = 100 newt 


Note that although the observed field at any point must depend on one or more fixed charges near 
by, we can measure the field by experiment without necessarily knowing anything about the fixed 
charges which produce it. 


ric field strength is a vector quantity, and it: ection is taken by definition to be the 
dir. of the force on a positive test c e. The force that will act on a negative re 
placed in an electrical fie pposite to the force that would act on a positive charge 


placed at the same point. 


31. Units of Electric Field Strength. It follows from the definition of electric field strength 
as given in Eq. (30-1) that any unit of force divided by any unit of charge may be used as a unit 
of field strength. Thus in the examples quoted in the preceding section, the field strength was 
expressed in newtons per microcoulomb. Another unit that can be used is the newton per coy- 
lomb. A simple transformation of units shows that 


lnewt_ ., newt 
U-coulomb coulomb 


32. Computation of an £ due to known Q’s. If we know the location and magnitude of a fixed 
charge Q which exerts a ficld £ at a point P, then the field can be computed without necessarily 
making a measurement of the force F acting on a test charge q. According to Coulomb’ law, 


F=K, @ (32-1) 


where r is the distance from Q to the point where q is located. By substituting this computed 
value of F in the equation €= F/q we get 


e-k, 9 (2-2) 


and thus we have an expression for the field acting on q due to Q. 

If there are several fixed charges Q,, Q,, etc., which all,act on q at the same time, the re- 
sultant force on q will be the vector sum of the separate forces., Hence the resultant field 
strength will be the vector sum of the separate field strengths. This may be expressed by the 
vector equation 


Qa, Qn 
con (B+ +e) (32-3) 


33. The Graphical Representation of an Electric Field. Lines of Force. Since electric fielg | 
strength is a vector quantity, it has both a magnitude and a direction. Thus the value of € at any 


one point in space can be represented by a single arrow having a definite length and direction, 
However, if we wish to represent the field strength at every point in a given region, there would 
be an infinite number of arrows required, because there are an infinite number of points, and ¢ 
will have a value at each point. It is therefore found convenient to represent the values of £€ 
throughout a given region by drawing continuous “lines” which every where have the direction of 
€. These continuous lines can also be used to indicate the magnitude of € at any point by draw- 
ing enough lines to make the magnitude of the field numerically equal to the number of lines 
drawn per unit perpendicular area at the point in question. 

' To illustrate the use of these so-called “lines of force” let us show how they can represent 
the field in the region around a positive point charge Q. Here the field is directed radially away 
from Q in all directions, and the value of £ at any point a distance r from q is K, Q/r?. To de- 
termine how many radial lines of force must be drawn away from Q to represent the magnitude 
of the field, let us consider a spherical surface of radius r with its center at Q. The radial lines 
of force will pass perpendicularly through this spherical surface, and hence we need to draw 
enough lines so that the number passing through the sphere per unit area is equal to K, Q/r?. 
The area of the spherical surface is 47r*, and hence the total number of lines will be K, 477Q. 
Since the radius r does not appear in this expression, the same number of lines must pass 
through any spherical surface that has its center at Q. This number of lines radiating uniformly 
from Q in all directions will therefore represent the field at any distance from Q. Whenr is 
larger, the same number of lines will be spread farther apart with less lines per unit area pass- 
ing through a spherical surface. This corresponds exactly to the smaller value of € at the larg- 
er distance. 


In general, the electric field due to a 
positive charge will always be directed 
away from the charge while that due to a 
negative charge will be directed toward the 
charges Hence lines of force will in gen- 
eral diverge from positive charges and 

verge to negative charges as shown in 
Fig. 8S. This figure shows the resultant 
field between a positive charge and a 
nearby negative charge. 

Coulomb's law (Sec. 17) implies that Fig. 33 
the electrostatic force on a test charge 
eannot change abruptly in empty space. Hence lines of force can never begin or end at points in 
empty space. It follows that the lines of force which diverge from a positive charge must con- 
tinue outward indefinitely unless there is a negative charge on which they can come to an end. 


Chapter 4 


ELECTRIC POTENTIAL AND POTENTIAL DIFFERENCE 


40. In many important applications, electric charges are used to carry energy. For ex- 
ample, charges moving along a transmission line may carry energy from a power house to a 
factory or a residence. When this energy reaches its destination, it may be converted into me- 
chanical work by electric motors, or into useful heat or light by various electric devices, Each 
charge receives energy as it passes through the generator at the power house, and each charge 
gives out some energy as it passes through the place where energy is expended. Thus the 
amount of energy that is carried per unit charge is of great practical interest. As we shall see 
later, it also is a quantity which occupies a most important place in the theory of electricity. 


41. Definition of Electric Potential. An electric charge will possess energy if it is in a place 
where an electrostatic force acts on it. This follows because the charge could do work if it 
moved under the action of this force. This type of energy is referred to as electrostatic poten- 
tial energy. It corresponds to the more familiar gravitational potential energy which a material 
body may possess, except that electrostatic forces are involved in place of gravitational forces. 

The amount of electrostatic energy per unit charge possessed by a positive charge q at a 
given point A is referred to as the electric potential at A. Electric potential is usually repre- 
sented by the symbol V, with a subscript to indicate the point for which this value applies. Thus 
the definition of the electric potential V A at a point A may be written in the form 


= ttrostatic energy of q at 
Va _ Electrostatic = of qatA (40) 


42. Units of Potential. Any unit of energy divided by any unit of charge may be used as a 
unit of electric potential. A joule per coulomb is the most commonly used unit, and it is referred 
to briefly as a volt. 

To illustrate the use of units, let us compute the electric potential V, at a point where a 
charge of 3 coulombs has an electrostatic potential energy of 45 joules. " According to the above 
definition of potential, 


_ 45 joules _ 
Va 3 coul 15 joule per coul, or 15 volts. 
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As another example, let us compute the energy of a charge of 60 coulombs at the same point. 
Using Eq. (40) in the form 

Energy of q= 4 Va (42) 


we get 


oules 
Energy = 60 coul x 15 joule = 900 joules 


43. Potential due to Fixed Point Charges. As explained above, @ pvliates eigen will Posseg, 
electrostatic potential energy if it is in a position where electrostatic ere =: eee it. 
This implies that there must be other charges placed somewhere near to produ ern: Bie 


example if the movable charge q is acted upon by a field £ as 
indicated in Fig, 49-1, this field might be due to a fixed pos- 
itive charge Q as shown. Under this condition, we would say 
that the potential of q was due to the fixed charge Q. The 
closer q is to the fixed charge, the more work it can do as it : q 
moves away under the action of the repulsive force from Q. 
Starting with Coulomb’s law, it can be shown by calculus 
(See Appendix A) that the potential Vy of a movable charge q 
placed at a point x a distance r from a fixed point charge Q 
is given by the equation 


e@D 
© 


Fig. 43-1 


V¥, = K 2. (43-1) 


This equation shows that Vi, is greater when the distance r is less, in agreement with what was 
said above. 

Equation (43-1) assumes that the potential energy of a movable charge is zero when it has 
moved so far from all fixed charges that they no longer exert any appreciably force on it. This 
remote position is briefly referred to as being at infinity. This equation also implies that a 
negative fixed charge will produce negative potentials because V will be negative if Q is negative, 
This is consistent with the fact that a movable positive charge near a fixed negative charge will 
have less energy than it would have at infinity. In other words, work would have to be done on 
the positive charge to mc-e it to infinity against the attractive force of the fixed negative charge. 

If there are several fixed charges near a point x, each charge exerts its own force just as it 
would if the others were not there. Hence the total potential at x will be the sum of the potentials 
due to the separate charges according to the equation 


v=K, %+k, %+...K,% (43-2) 
T) rr, Th 

Here the separate potentials from the respective charges are to be added with due regard for the 
algebraic sign of the charges, but without regard to direction. Potential is like energy in that it 
is not a vector quantity. 

potential value measured relative to a zero value at infinity is called an absolute value of 
the potential. Since it is impractable to measure potentials relative to this zero value at in- 
finity, the potential of the earth is usually taken as a convenient zero value. In this respect the 
measurement of potential resembles the measurement of temperature. There the melting point 
of ice is often used as a practical zero rather than the less accessible absolute zero of tempera- 
ture. 


44. Potential of a Charged Body. If a number of point charges are distributed over a body A 
making a total charge Q a’ the resulting potential for any point on the body may be found by add- 
ing the potentials due to the separate point charges as indicated in the preceding section. A 
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Simplified expression for the resultant potential in terms of the total charge Qa can be written 
im the form 


charges and the waits used. Any point on a small charged body will be relatively close to all th 
charges on the body and the potential will be relatively high for a given total charge Qa. Thus 
the factor a is larger for a smaller body. 

Im general a body A may be at a high potential either because of a charge Q, on the body it- 
sett, or because of a charge Q, on some nearby body B, or both. This more general situation 
can be descrided by the equation 


Va * 8Qy (44-47) 

where a is singte factor including the effect of the geometrical distribution of the separate point 4 | 
| 
yd 


Va ™8Qq + QR (44-2) 


where the gate. ip arr ar erea de from the nearby charge Q,. The factor 
bd is a factor depending on distribution of the charge on B and on its distance from the body A. 
If the body B is relatively close to A, the effect of a given Qp, will be large, and thus the factor b 
will be relatively large. 
Bquation (44-2) may be applied to an electroscope A charged with a positive charge Q, as 
iihastrated in Fig. 44-1. Let us assume there.is a negative charge A 
which is at first so far removed from A that it has no appreci- 

e effect om A. In other words, it is so far away that the factor b a gp 
im Ba. (44-2) is zero. The potential V of the electroscope is then FZ, Q, 
positive due to the charge Q, on the electroscope itself. If Q, is 
now brought closer to the electroscope, the factor b will increase 
and will begin to make a negative contribution to the total po- 
tential. As the negative term bQz, increases the resultant poten- 
tial V will decrease, and the deflection of the electroscope will 
decrease. By bringing near enough, the term bQ,, can be 
made equal in magnitude to the constant term aQa- resultant 
potential will then be zero, and the deflection will be zero. EQp 
is brought still nearer, the negative term bQp, will become greater Q 
than aQ,- The resultant potential of the electroscope will then be 
negative, ami the leaf will be deflected again. 

Ef a charged electroscope is approached by another charge of 
the same size, the magnitude of the resultant potential will in- +N\e 
crease from the start, and so will the deflection. Thus it is that 
the sign of an unknown charge can be found by an electroscope if 
2 known charge is available for comparison as mentioned in Sect. 

20. Fig. 44-1 

E should be noted that the deflection of an electroscope de- 
pends on the potential of the electroscope rather than on the total charge on the electroscope. 
This is well demonstrated by the fact that an uncharged electroscope can be deflected by a near- 
by charge which raises the potential of the electroscope without transferring any charge to the 
electroscope. 

45. Potential Difference. The gain (or loss) in electrostatic potential energy per unit charge 
when a charge moves from one point A to another point B is referred to as the potential differ- 


ence between A and B. According to the principle of the conse of energy, the potential 
difference between two points must be te-the-work done per unit ectrostatic 


forces as a charge moves fram One point to the other. The symbol V without any letter subscript 
Will be used here to represent difference in potential. Letting W represent the amount of work 
involved, and q the charge which is moved, we may therefore write 


v- w/a 
M48.) 
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Chapter 6 


THE POTENTIAL-FIELD RELATIONSHIP 


50. . Electrostatic energy is expended as a charge 
moves from higher to lower potential along a path between two points. It therefore follows that 
work is being performed by an electrostatic force, If F is the average component of the electro- 
static force on q along the path, and if s is the length of the path, then the energy expended (or 
work done) will be given by 

W-Fs (50-1) 


Combining equations (45-1) and (50-1) gives 
Vqa=W-Fs (50-2) 


The equation in this form serves to point out that if a point A is at a higher potential than a point 
B, there must be an average electrostatic force F on a positive charge along the path directed 
from A to B. Conversely, if there is an electrostatic force along a path between two points, 
there must be a difference in potential between the two points. A working concept of potential 
difference should include both the idea of a net gain or loss of energy, and the idea of a force 
acting along the path, since the two must always exist together. 

It follows from the above that if a positive charge is unsupported in an electrostatic field, it 
will move in the direction of the existing force, that is, from points of high potential to points of 
low potential. A negative charge will, of course, move in the opposite direction. 


51. Potential Gradient. Equation (50-2) from the preceding section can be written 


F/q = V/s (50-3) 
Now F/q is the field strength €, and hence we may write 
€=V/s (50-4) 


The quotient V/s is the difference in potential per unit distance along a path, and it is often 
called the potential gradient. 

It follows from Eq. (50-4) that a unit of potential difference divided by a unit of distance can 
be used as a unit of field strength. For example, a volt per meter is a commonly used unit. It 
is equivalent to a newton per coulomb as can be seen by writing 


lvolt____1 joule _ inewton-meter _ 1 newton 


1 meter 1coul-meter 1 coul-meter 1 coul 


52. Equipotential Surfaces. If a test charge q moves along a path which is perpendicular to 
the direction of the electric field at that point, no work will be done on or by the charge. Hence 
the potential of the charge will remain constant as long as its motion is restricted to a surface 
perpendicular to the field. Any geometrical surface for which the potential is the same at all 
points is called an equipotential surface. It follows from above that all equipotential surfaces 
must be shaped so that they are everywhere perpendicular to any lines of force which pass through 
them. Thus in the region around a fixed point charge Q from which lines of force diverge radial- 
ly, any spherical surface with its center at Q would be an equipotential surface. 


53. Equipotential Conducting Bodies. It was pointed out above that if there is a potential dif- 
ference between two points, there must be an electric force acting between the points. If this 


condition exists on a conductor, positive charge will move from the high potential point to the 
low potential point, and this transfer of charge will continue until the potential at all points is 


1. This assumes that € is parallel to the path along which the charge moves. 
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equalized. Thus when the charges come to rest on a conductor, they must necessarily be dis- 


tributed so that all parts of the conductor are at the same potential. This isa veg Se ae 
principle and it applies to any connected system of conducting bodies as well as to a sing 


ductor. 
Since differences in potential and electric field must always exist together, it follows that 


there can be no electric field along any path through a conductor if the charges have coat 
rest. Thus no lines of force representing a resultant field can pass through a conductor when 


the charges are at rest. 

54. Electric Fields around Charged Conductors. It follows from above that a static positive 
charge on a conducting body will be spread over the whole body and will not come to rest until all 
parts of the body are at the same potential. If a small test charge is used to investigate the field 
around this body, it will obviously be repelled away from the surface at all points around the 
body. The lines of force which show the field in the surrounding region will be lines which start 
from the charges on the surface and extend outward into space. Lines of force and equipotential 
surfaces must always be mutually perpendicular (Sect. 52) and hence the lines of force from a 
charged conductor must leave the surface perpendicularly. 

If a conducting body is negatively charged, the situation will be the same except that the 
lines of force will be directed in toward the sur- 
face of the body. An illustrative diagram in Fig. 
54-1 shows the observed configuration of the 
lines of force between a positively charged con- 
ducting sphere and a negatively charged conduct- 
ing plane. In all such configurations, it is to be 
noted that lines of force can never end except at 
points where there are charges (See Sect. 33). 

The distribution of charges needed on a con- 
ductor to bring all parts to the same potential 
often requires that the number of charges per 
unit area will be different for different parts of 
the surface. In general the density of charge Fig. 54-1 


will be greater where a surface has a sharper 
convex curvature. Thus a body with a sharp point as shown in Fig. 54-2, will have a relatively 


high concentration of charge on the surface of the point. The field just 
outside the point will also be higher than it is outside the more gently 


curved parts of the same conductor. 
The presence of a sharp point ona conducting body limits the poten- 


tial to which the body can be charged. At a certain critical value of the 
field outside a conductor, the charges on the conductor will begin to leak 
off of the body into the air. Thus as the potential of a body is raised, 
leakage will occur sooner if there are sharp points to give a relatively 

high field. Such leakage can be observed in a dark room as a slight Fig. 54-2 
glow at the tip of the point. 


55. The Field between Parallel Plates. In dealing with electricity we will encounter a num- 
two oppositely charged metal plates as 


ber of situations involving the electric field between 
shown in Fig. 55. Let us assume that the plates have been charged by removing a charge +Q 
from the one plate and placing it on the other. The one plate will then have a charge + Q while 
the other will be left with an equal negative charge - Q. Let us also assume that the distance 
between the two plates is small compared to the distance across the face of either plate. Under 
these conditions, the charges on the two plates will come to rest spread almost uniformly over 
shown. This distribution results because the mutual at- 


the inner surfaces of the two plates as 
traction between the two charges keeps them from spreading around to the outer faces of the 


plates. 


The lines of force representing the fleld between the two 
plates of Fig. 55 will thus be uniformly apaced and perpendios 
ular to the plates except at points near the ede which we will 
not consider, The field will obviously be directed from the 
positive plate toward the negative plate, since a movable 
charge *q placed between the plates will be repelled by the 
positive plate and attracted by the negative plate, By using 
Bq. (82-3) from Sect, $2 to compute the field due to all the 
charges spread over both plates, we find’ that the fleld € tn 
empty space between the two plates will be given by the 
equation 


€= Ky arQ/n (88-1) 


Here A is the area of either face over which the charge Q ia 
distributed, 

A movable charge q placed in the space between the two 
plates of Fig. 55 will be acted upon by the field that is be- 
tween the plates. The force F of the field on this movable 
charge, will be given by the equation F = €q from Sect, 90, 
The field directed from the positive plate to the negative 
plate implies that there will be a difference in potential V be- 
tween the two plates. If s is the distance between the plates, 


it follows from Sect. 51 that Fig, $5 
V= gs (88-2) 
and that 
Fs = qv (88-3) 
56. The Measurement of the Charge on an Electron. As stated in Sect. 16, the size of the 


coulomb was arbitrarily chosen before anything was known of the existence of electrons. Thus 
the value of the electronic charge in terms of the coulomb had to be determined by experiment. 
One method for measuring the charge on an electron was brought to a high degree of perfection 
by R. A. Millikan in what is known as his oil-drop method. In this method, charged oil drops are 
supported in a vertical electrical field between two horizontal metal plates. The potential differ- 
ence required between the plates to support a given drop is found by trial, The total charge on 
the drop and the number of electrons involved can then be found as will be explained below. 

The charged oil drops used in Millikan’s method are very small drops. They are usually 
obtained in an inclosed space between the horizontal plates by spraying a fine mist of oil above 
the plates. Some of the drops will then fall through a hole in 
the upper plate as shown in Fig. 56. The spray must be so 
fine that the drops almost float in the air, Between the 
plates such drops will fall so slowly that they can be ob= 
served through the microscope M for a considerable period 
of time. Because of the viscosity of the air, the drops will 
fall with a uniform terminal velocity which depends on the 
size of the drop. The smaller the drop, the more slowly it 
falls. One particular drop must be chosen for observation, Fig. 56 
and the weight of this drop must be found, The weight of 
the drops used is too small to be determined by any direct measurement, but it can be deter- 
mined indirectly for any one drop by observing the velocity with which it falls, Once the velocity 
is known, the weight w can be computed from a known relationship involving the density of the 


1, This computation can be made using integral calculus, 
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drop, and the viscosity of the air.’ This relationship is based on a theoretical law which was de- 
veloped by Sir George Stokes (1819-1903) many years before it was used by Millikan 

Most of the drops acquire static changes either from the friction of the spraying process or 
from the charged particles which are always present in the air (Sect. 24). Any drop that does 
not have a charge will sooner or later acquire one, particularly if the air between the plates is 
irradiated with x-rays. The amount of charge on any particular drop under comsideration can be 
determined as follows. A known potential difference V is applied between the horizontal plates 
to give a vertical electric field between the plates. The direction and magnitude of the potential 


on the drop can then be computed by Eq. (55-3) of the 
preceding section. Substituting the weight w (or mg) of the oil drop for the force F in that equa- 


qQ = mg s/V (5%) 


the drop must be suddenly changed from time to time. Between these sudden changes, it remains 
constant. Each constant value of V will indicate a different value of q according to Eq. (56). a 
we record the successive values of q for a given drop, we will find that the difference between 
any two values is never less than a certain observed amount e. We will also find that all the ob- 
Served values af q are integral multiples of this quantity e. In other words, we will find that all 
values of q can be expressed in the form 


q=ne 
where n is always a small whole number and never a fraction. We therefore conclude that the ob- 
served value of e is the charge on one electron. In a typical experiment, mn may be found to have 


values ranging from one to about ten. 
The changes of q for a given drop of oil depend on its encounters with charged and uncharged 


molecules of gas. If the space between the horizontal plate is subjected to x-rays or radioactive 
radiations, the value of the charge will change more frequently as mentioned above. 

57. The Acceleration of Free Charges in Electric Fields. A free, positively charged par- 
ticle placed in an electric field will experience a force in the direction of the field. Ef it is at 
rest to begin with, it will start to move in the direction of the field, that is, from higher to lower 
potential. Thus its electric energy will decrease and its kinetic energy will increase as it 
moves with increasing velocity. According to the principle of conservation of energy, the gain in 
kinetic energy will be equal to the loss in electric energy. If the velocity increases from zero 
to a final value v while the charge q moves through a difference in potential V, then 


Va = (1/2) mv? (7 


Here m is the mass of the particle, which is assumed to be constant. If the velocity of the par- 
ticle changes enough so that the mass changes appreciably, an appropriate correction must be 


made in the value of m as explained in Sect. 14. 
For charged particles of atomic or subatomic size, the mass is so small that gravitational 


forces on the particle are usually negligible compared to the electrical forces involved. 
Equation (57) applies to the operation of x-ray tubes such as are commonly used in medical 


practice. A common type of x-ray tube consists of a metal filament F placed opposite 2 so-called 


1. w= 92/23 0 / pg 


where v is the velocity of fall, n the viscosity of the air, p the density of the oil less the densi- 
ty of the air, and g the acceleration of gravity. 


— 
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metal “target” A ina highly evacuated glass tube (Fig. 67-1), The filament is 
heated like the filament of an ordinary incandescent lamp bulb by a current from 
a battery or a small transformer T, Another high potential battery B is connected 
to maintain the target A at a high potential relative to the filament F. Electrons ha 
emitted from the hot filament are thus accelerated toward the positive target. 
When the electrons strike the target, the kinetic energy of some of them Is com- 
pletely converted into the desired x-rays which then radiate from the target. For 
other electrons, part or all of the kinetic energy may be converted into heat when 
they strike the target. This heat is a wasteful byproduct, and It may be great 
enough to melt the solid metal target if too much power is applied to the tube. 
Another example of the acceleration of electrons through a potential differ- 
ence is found in television tubes, Parts of such a tube are illustrated in Fig. 
(57-2). The heated filament from which the electrons are emitted are shown at F. Next to the 


filament are two parallel plates with a hole in each one as shown in cross-section at A and B. 
The plate A is maintained at a positive potential 


relative to F, Electrons from F are thereby ac- 
celerated toward A, Some of them will pass on 
through the holes in A and B and emerge on the 
other side with a velocity that will depend on the 
potentials V, and V,. Such an arrangement for 
projecting a stream of electrons is often called 
an electron gun. 

In a television tube, the electrons that 
emerge from the electron gun afterwards pass 
near other conductors which are not shown in 
Fig. 57-2. These other conductors can be used 
to deflect the stream of electrons to any desired 
spot on the screen at the end of the tube. When 
they strike this screen, they expend their kinetic 
energy and produce light. 


In computing the kinetic energy of an electron moving through an electron gun, it may be as- 
sumed that an electron passing through a hole in a plate is so near to the plate that it must have 
reached the same potential that it would have reached if it actually hit the plate. 


Fig. 57-1 


Fig. 57-2 


Chapter 6 


ELECTROSTATIC INDUCTION 


60. Induced Charges on Conductors, We have seen (Sect. 15) that any body of material con- 
tains charges of both signs, whether or not there is an excess of either kind. If an external 
charge Q is placed near an uncharged conductor, it will attract the unlike charges in the conduc- 
tor and repel the like charges. The resulting displacement 
of movable charges in the conductor will thus leave certain 


+ 
areas of the conductor with an excess of one kind of charge. 8. Ky 
For example if a positive charge Q is placed near an un- 


charged conductor AB as shown in Fig. 60-1, the negative 
charges in the conductor will be attracted and the positive 
charges repelled. This will create an excess of negative 
charge in the nearer end A, and an excess of positive 
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charge in the more remote end B. Such charges produced by separation in the field of another 
charge are called induced charges. The charge that causes the separation is called the inducing 
charge. Since induced charges are produced by separation, two equal and opposite amounts must 
always appear at the same time. 

The production of induced charges as considered above may be described in other words by 
using the concept of potential. From this point of view, the first effect of bringing the external 
charge Q near to the uncharged body AB is to create a difference in potential between the two 
ends A and B, Because A is closer to Q than B, it will be at a higher potential. Positive charges 
will then move toward the low potential end and raise its potential while negative charges will 
move toward the high potential end and lower its potential. This movement will continue until 
both ends of the conductor are again at the same potential. Thus while the approach of the posi- 
tive charge Q raises the potential of the conductor, the separation of the induced charges keeps 
the increase in potential uniform for all parts of the conductor. 

When equal and opposite charges are induced on a body, the unlike induced charge will al- 
ways be nearer to the external charge Q. Hence the attraction of Q for the unlike induced charge 
will be greater than its repulsion for the like induced charge, and there will be a resultant attrac- 
tion. Thus it is that a charged body can attract a neutral body by inducing charges on it. 

Charges separated by induction will ordinarily move back together and neutralize each other 
when the inducing charge is removed. A permanent separation of the induced charges can be 
made by letting the repelled charges pass to another 


body through a temporary contact. Such contact must a + 
be made before the inducing charge is removed. One +f) Fa 8) @ 
step of this process is illustrated in Fig. 60-2. Here Y ft = 


a conductor C has just been touched to the body AB 

and the like induced charge has moved over to C. By 

breaking the contact between C and AB before Q is 

removed, the induced charges can be kept permanent- Fig. 60-2 
ly separated even after Q is removed. 


61. Charging an Electroscope by Induction. An electroscope may be charged by the process 


of induction that was explained in the preceding section. The application of this process to an 


electroscope is interesting because the electroscope itself will indicate the changes in potential 
that occur. The steps of the process are shown in Fig. 61. In the first step a rod with a posi- 
tive charge Q is brought near the top Q Q Q 

of the electroscope. Because of the EE 55D =P 

nearness of this charge, the electro- a a —_ = 
scope will be at a high potential. x mi + -y- 

Also, induced charges will be sep- 

arated on the electroscope as shown, -——3 

and they will be distributed so that (2) (8) ~/|-(4) 
all parts of the electroscope shown 

are at the same high potential. In Fig. 61 

the second step the induced positive 

charge is conducted away from the electroscope by touching a finger to the top of the electro- 
scope. Although there is an induced excess negative charge on the top end, there are also posi- 
tive charges present in the material. The excess negative charges are held there by the attrac- 
tion of the inducing charge, while the repelled positive charges move to the earth through the 
body of the person touching the electroscope. Positive charge will continue to flow until the po- 
tential of the electroscope is at the same zero potential as the earth. Note that the electroscope 
is then undeflected because it is left with just enough negative charge to neutralize the positive 
potential produced by the nearby inducing charge. (See Sect. 44) 
In the third step, the finger is removed without changing the electrical conditions. In the 
fourth and final step, the inducing charge Q is removed. The electroscope is then left deflected 
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with the negative charge spread overthe whole electroscope to give a uniform potential. Induced 


changes of either sign can be obtained in this way. In general, the sign of the inducing charge 
must de apposite to the sign of the desired final charge. 


@. The electrophorus is a simple device for obtaining a rather large charge by induction. 
R consists of a flat metal plate P, with an insulating handle H, and a sheet R of some insulator 
waich has been charged by friction. R will have a negative charge if it is 


a sheet of hard rubber which has been charged by rubbing with cat’s fur. . 
Whea the uncharged metal plate is placed on top af the charged insulator, P 
the charges in the metal plate will be separated by induction, as shown in 


Fig. 2-2. Although the metal plate rests on the charged insulator plate, 
the two plates actually touch at only a few high spots. Over most of the 
area, the two surfaces are close together without actually touching. Un- 
ger these Conditions, the amount of the negative charge that will be 
transferred directly to the metal plate at the points of contact will be so 
small that it may be disregarded in comparison to the charges which are 
indeced on the metal plate. If the metal plate is temporarily touched 
with the finger while resting on the charged insulator, the negative 
ctarges will flow off through the finger. If the metal plate is then re- 
moved from the charged insulator, the metal plate will have a sizable 
charge. Note that in this procedure, the negative charge re- 
mains on the insulator, so that the process could be repeated over and 


Fig. 62-1 


. z. i a -2 
over without appreciably using up the charge on the insulator. Thus, an = 
unlimited amount of induced charge could be obtained from a small initial amount of inducing 
charge. 


The plate of an electrophorus can be charged by the process described above so that a spark 
will jump from the plate to a nearby neutral object over a distance more than a half an inch. The 
light and sound given out by the spark indicate that energy was stored in the plate. Since the 
original charge on the insulator is not used up, the energy cannot come from that source. In- 
stead, the energy comes from the mechanical work which is done in pulling the induced positive 
charge on the metal plate away from the inducing negative charge on the insulator. Thus, the 
electrophorus is a simple generator for using up mechanical energy and converting it into elec- 
trical energy. 

63. Electrostatic Generators. An electrostatic generator is a device that utilizes mechani- 
cal energy to concentrate a large electric charge at a high potential. It is therefore a device for 
converting mechanical energy into electrical energy. The electrical energy stored in the ac- 
cumulated charges may be utilized by allowing them to all escape in one explosive discharge, or 
it may be utilized by allowing them to escape at a controlled rate. In the latter case the charge 
may be replaced by the generator as fast as they escape. Thus the generator may maintain a 
steady flow of charge and a continuous transformation of energy. 

A very simple electrostatic generator capable of generating a theoretically unlimited poten- 
tial can be had by using an electrophorus in connection with a large hollow metal “collector” 
mounted on an insulated support. This collector must be shaped so that the metal plate of the 
electrophorus can be inserted imside the collector before touching it. By repeatedly charging 
the metal plate and touching it to the inside of the collector, the entire charge on the plate will 
pass to the outside of the collector each time, no matter how highly the collector becomes 
charged. Thus; the process theoretically can be continued long enough to build up the potential 
to any desired value. A practical limit to the potential is set by the fact that it is impossible to 
perfectly insulate the collector. Hence, as the potential gets higher and higher, the charges be- 
gin to leak away as fast as they can be carried up to the collector: 

The so-called static machine is a common type of electrostatic generator which employs 
rotating disks to carry charges from the point where they are induced to the point where they 
are accumulated. One of the features of a static machine is that it utilizes the discharge of 
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electricity from sharp points through the air instead of ac 


the like charge in the induction process, (See Sect. 54) 
In the Van de Graaff type generator, electric charges are sprayed on to a moving rubber 


conveyor bel shar ints from a comparatively low potential genorator, These chargos are 
then pei he. ait te the interior of a large, hollow, spherical conductor, which serveg aa 
& collector. Inside this sphere, the charges are removed from the belt by the action of sharp 
Points, and left to go to the outside of the hollow collecting sphere, As explained above, the 
charges will pass to the outside of the collecting sphere regardless of how high the potential 
may already be. The inevitable leakage that limits the voltage can be decreased by mounting 
the spherical collector on a long insulating support. Generators have been built which are taller 
than a two story house and which are capable of generating millions of volts. The voltage- 
limiting leakage may also be retarded by surrounding the spherical collector and its insulating 
support with oil or compressed air. Smaller generators are often built with this protection, 


64. Induced Charges on Insulators. A limited amount of charge can be induced on a body of 
insulating material by bringing an external charge near. Although the effect is not as marked 
as it is for a conducting body, it is enough to give a noticeable attraction between an external 
charge and an uncharged insulating body. This induced charge on insulating bodies is due toa 
slight displacement of the charges within each molecule of the body rather than to any motion of 
charges through the material. 

There are certain kinds of wax in which the displacement of the charges in the molecules 
can be effectively frozen by letting the wax solidify in the field of the external inducing charge. 
The two ends of the piece will then retain their opposite charges after the inducing charge is 
removed, but the total charge on the piece will still be zero. Pieces of wax charged in this way 


are called electrets. 


tual temporary contact for drawing off 


Chapter 7 
CHEMICAL SOURCES OF POTENTIAL DIFFERENCE 


70. Volta (1745-1827) discovered that a difference in potential is created between two pieces 
of different metals when the pieces are immersed together in an acid solution. For example, if 
a piece of copper anda piece of zinc are dipped in a beaker of dilute sulphuric acid, the copper 
will acquire a potential about one volt higher than that of the zinc. From an electric point of 
view, the chemical action that produces the potential difference can be referred to briefly in 
terms of an assumed “chemical force.” In other words, the result is the same as if there was 
a chemical force to simply carry positive charges from the zinc to the copper through the solu- 
tion. Such a combination is called a voltaic cell. The two conductors are referred to as the 
electrodes of the cell. 

Voltaic cells are commonly used in practice as convenient sources of potential difference, 
The ordinary dry cell is a voltaic cell that has a moist paste instead of a liquid solution. One 
of its electrodes is a carbon post supported inside a zinc cup, with the zinc cup serving as the 
other electrode. The difference in potential furnished by such a cell is approximately 1.5 volts 
with the carbon post in the center Positive. The maximum potential that can be generated by 
such a dry cell is the same regardless of its physical dimensions. 


71. Electrochemical Series. The chemical action in a voltaic cell depends on the tendency 
of the electrodes to be dissolved in the Solution. In this process, each atom that is dissolved 
leaves one or more of its electrons on the undissolved part of the electrode. Thus the tendency 
to dissolve is opposed by the attraction of a dissolving atom for its lost electrons. As a result, 
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gissolving action will stop when the total negative charge left on the electrode exerts enough 

sel wp ene Us Gad It follows that the maximum potential difference 
on ai 

a ular exfartl 8G WA ks clutter, nd an electrode will depend on the tendency of that 

The tendency of a material to dissolve is often referred to as its solution pressure. The 
solution pressure of a material depends on its chemical properties, and hence each different 
chemical substance has a different solution pressure. It has been found that all metals can be 
arranged in a sequence according to the magnitude of their solution pressures. This sequence 
js referred to as the electrochemical series of metals. When two electrodes are immersed in 
the same solution, they bothtend to acquire a negative potential relative to the solution. The one 
with the higher solution pressure will become more negative. Thus the potential difference be- 
tween the electrodes of a voltaic cell depends on the two electrodes having different solution 
pressures. The farther apart the two materials cre in the electrochemical series, the larger 
will be the difference in potential between the two electrodes. 


72. The Electric Characteristics of Cells. The electric behavior of chemical cells will be 
considered in more detail later. For the present, a voltaic cell may be considered simply as a 
conducting path between two metal terminals, which allows charges to flow through in either di- 
rection as needed to maintain a fixed difference in potential between the terminals. It follows 
that any conductor connected to the positive terminal of a voltaic cell will be higher in potential 
than any conductor connected to the negative terminal by a fixed amount, provided a cell is not 

bused. 
. Voltaic cells are represented in drawings by the symbol shown in Fig. 72 where the long 
thin line represents the positive terminal as marked. 

By connecting a number of cells in a series, with the negative ter- = 
minal of one connected to the positive terminal of the preceding one, the —|— 
successive steps in potential will add up so that the difference in poten- 
tial between the extreme ends of the series will be the sum of the sep- 
arate steps. Such a combination of cells is called a battery. Batteries Fig. 72 
of dry cells are commercially available giving up to 90 volts potential 
difference, and these batteries can themselves be combined in series to give still higher voltages. 


Chapter 8 


ELECTRIC CAPACITORS 


g0. An electric capacitor, or condenser, consists essentially of a pair of insulated conduc- 
tors such that a considerable amount of charge can be transported from one tothe other for agiven 
difference in potential between the two. The capacitors that are commonly used in radios and in 
other electrical devices generally consist of a pair of parallel metal plates. The plates may be 
self supporting with an air space between, or they may be made of thin metal foil with a sheet of 
paper or other insulating material between. In many capacitors, each conductor consists of a 
great number of sheets of metal fastened together and interleaved between the 
sheets of the other conductor, as illustrated in Fig. 80. The whole thing is of- 


ten mounted inside a case, and the two conductors are provided with terminals A Ss 
for external connections. —— 
The function of capacitors in electricity is analagous to the function of | | 
elastic springs in mechanics. A capacitor permits a displacement of electric 


charge from one plate to the other. This displacement builds up a potential 
difference with a restoring force on the charge back towards its original Fig. 80 
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position. Thus capacitors may serve aa electric cushions, corresponding to mechanical ahoek 
absorbers, They may also serve to store energy as the main spring of a wateh stores energy, 
And they may permit electric oscillations which are analogous to eliatic vibrations, 

A capacitor may be charged by connecting its terminals to some source of potential differ 
ence, such as a voltaic cell, This source will remove charge from one plate and depoalt ft on 
the other. If Q is the amount of charge transferred from the terminal B to the terminal A, then 
A will have a positive charge Q while B will be left with an equal negative charge Q, lixcept for 
slow leakage, a capacitor will remain charged after being disconnected from the source of poe 
tential difference, A capacitor may be diucharged by placing a conducting path such as a plece 
: wire between its terminals, That will allow the charges to flow back to their original poml- 

ons. 


81, Capacitance, The capacitance of a capacitor is defined as the ratio of the transferred 
charge Q to the difference in potential V between the plates. A condenser with a large capact- 
tance will permit a large charge to be displaced without building up much potential difference. 
Tt can be shown by theory and by experiment that the potential difference between the plates ia 
proportional to the transferred charge. Thus the capacitance is a constant independent of the 
— of charge involved. The definition of capacitance may be stated as an equation in the 


C=Q/V. (61) 


It follows from the definition that any unit of charge divided by any unit of potential differ- 
ence could be used as a unit of capacitance. A coulomb per volt is used as a unit which is called 
afarad. Thus a capacitor would have one farad of capacitance if the transfer of one coulomb of 
charge produces a difference in potential of one volt. Most capacitors used in practice have 
capacitances which are only small fractions of a farad, so that the microfarad (= 10" farad) 
and the micro-microfarad (= 107! farad) are the most commonly used units of capacitance. 
To be consistent with the usage in connection with other units, the microfarad and the micro- 
microfarad should be abbreviated jifd and uufd respectively, but the abbreviations mfd and 
mmfd, or MFd and MMFd are commonly used. In spite of this inconsistency, there is no confu- 
sion in practice because the millifarad and the megafarad are never used. 

Note that the capacitance is not the maximum amount of charge which a capacitor can hold, 
There is a practical limit to the amount of charge a capacitor can hold due to the fact that the 
potential cannot be built up indefinitely without the charges breaking back through the insulator, 
In a capacitor insulated with air, this break would occur as a spark, or minature flash of light- 
ning. Capacitors are frequently marked with the value of the capacitance and with a rated volt- 
age. The rated voltage indicates the maximum voltage that can be safely applied, but the capaci- 
tor may be used at any lower voltage with the rated capacitance applying at any voltage used. 


82. The capacitance of a parallel plate capacitor. If two parallel plates each of area A are 


charged with equal and opposite charges +Q and -Q respectively, the electric field between the 
plates when separated by empty space is given by the equation 


€= Ky 41Q/A (82-1) 
as stated in Sect. 55. The difference in potential V between the plates will be given by 
V=€s (82-2) 
where s is the distance from one plate to the other, so that we may write 
V =K, 47Qs/A (82-3) 


By rearranging the terms in Eq, (82-3) we see that the capacitance C of the two plates used as a 
capacitor may be written in the form 


cup? (82-4) 
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By introducing a new quantity k, which is defined by writing k, = 1/(47K,), we may write 


A 
C=ke (82-5) 
gince Ky = 9X 10° newt/(coul? /m*) us given in Sect. 17, the value of ke will be 9.85 x 107" 

coul? /(m newt). A meter-newton is one joule, and a joule/coul is one volt, so that k, may be 
written 


k, = 8.85 x 10°" farad/meter (82-6) 
g3. Dielectrics, The values of Ky and ky which have been given above apply where the space 
nthe charges is empty space. If the space between the capacitor plates is filled with cer- 

tain other insulators such as glass, oil or mica, the capacitance of the capacitor will be in- 


creased by & numerical factor k', which is called the specific inductive capacity of the insulator. 
Eq. (g2-5) may be made to take this into account by writing 


c=k'k, A (83) 


Typical approximate values of k' for a number of insulators are as follows: 


air 1.00 paper 2.5 
glass 8 mineral oil 2 
mica 6 water 81 


An insulator is often referred to as a dielectric, particularly when it is used between the plates 
of a capacitor, and the specific inductive capacity is sometimes called the dielectric constant. 

The ability of a sheet of dielectric to increase the 
capacitance between two metal plates depends on the A 
induced charges that appear on the dielectric when it 
is placed in an electric field. As explained in Sect. 64, 
the molecules of a dielectric may be distorted by an 
electric field so that one side of the molecule has a 
positive charge while the other has a negative charge. 

This is illustrated in Fig. 83, where each oval repre- 

sents a molecule. The whole figure represents a 

cross section of a sheet of dielectric between the two 

metal plates A and B of a capacitor. The net effect of 

the distortion of the dielectric molecules is to give an 
induced positive charge on the left face of the insulat- = 
ing sheet, and an induced negative charge on the other = 
face. The induced charge on either face of the di- od 
electric is opposite in sign to the charge on the adja- 
cent plate of the capacitor. This tends to neutralize 
the effect of the charges on the metal plates as far as 
creating a potential difference is concerned. Thus, Fig. 83 

when the dielectric sheet is in place, there will be a 

smaller potential difference for the same charge on the metal plates. It follows that the capaci- 
tance will be larger due to the dielectric, since the capacitance is the ratio of charge to potential 
difference. 

When a condenser with a dielectric is discharged, the induced charges on the surface of the 
dielectric disappear into the dielectric as the charges in the distorted molecules return to their 
normal positions. If a dielectric is subjected to an alternating electric field, the consequent dis- 
tortion of the molecules first in one direction and then in the other generates heat in the interior 
of the dielectric. Such dielectric heating has found commercial application in processes like 


reuse 


teeter erreererrrerre et 
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bonding plywood together or roasting food. In such processes, the production of heat in the body 
of the material is desirable to give a uniform temperature throughout. 


84. Electric Permittivity. The constant k, which appears in Eq. (82-5) above is known as 
the permittivity of empty space. The product k'k, for any material having a specific inductive 


Capacity k' is known as the permittivity of that material. 


85. The Energy of a Charged Capacitor. The energy stored in a charged capacitor is taken 
to be the energy that can be gotten out of it by completely discharging it. That will be equal to 
the work which the total charge Q on the capacitor can do as it moves from the high potential 
terminal to the low potential terminal through the discharging path. The energy will therefore 
be QV where V is the average potential for the discharge. 

When the capacitor is discharged, the first charges flow from high to low potential while the 
Potential still has its initial high value, The last charges flow across when the potential has 
dropped practically to zero. Since the potential at any instant is proportional to the charge, the 
average potential V during the discharge will be one half of the original potential V. Hence a 
capacitor charged with a charge Q to a potential V will have an energy W given by 


W =QV=QV/2 (85) 


86. Parallel Combination of Capacitors. Two or more capacitors connected in parallel be- 


tween one pair of terminals M and N must thereby always be charged to the same potential dif- 
ference V. The total charge Q that is transported from one terminal to the other will be the sum 
of the charges Q,, Q,, etc., on the separate condensers. The capacitance C of the combination 
between the two terminals M and N will thus be given by 


Cn FSA Tt <0, 40, HO + (86) 


Chapter 9 


ELECTRIC CURRENTS IN CONDUCTING PATHS 


90. Electric charges will move through a body of conducting material whenever there is a 
difference in potential to make them move. In general, the flow of charge in a large body is a 
three-dimensional phenomena similar to the flow of particles in a tub of water that has been 
stirred. In this book we will be chiefly concerned with cases where the flow of electricity is con- 
fined to narrow conductors like copper wires. This type of flow corresponds to the flow of water 
in a pipe. 

A conductor that confines the flow of electricity along one direction will be referred to as a 
path. One of the characteristics of such a path is that all the charges which enter one end must 
flow through the entire length and come out at the other end. < 

The flow of electricity through a conducting path is of interest not only because the electri- 
city is moved from one place to another but also because of the effects produced while it is mov- 
ing. For example, the flow of current in a wire may generate heat or produce a mechanical force 
on the wire. The flow through a liquid conductor may produce chemical effects such as the 
electroplating of metals. 

The filament of an incandescent electric lamp is a good example of an electric path used in 
practice. The filament is usually a piece of tungsten wire with the ends fastened to external con- 
nections at the base of the bulb. In operation, electric charges flow in to the filament at one end 
and out at the other, producing heat as they pass along the wire. 
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gi. Se rae Loe the effects that we observe due to the motion of electric charges 
yong & Dats a chara al Ww is an important factor In determining the magnitude of the effect. 
ge anount os Pier valh ose aie point ina path per unit time is referred to as the elec- 

eur . 8 the amount of ch age 
tral Twill be given by the equation arge that passes ina time t, the averaye 
¢ 


I= Q/t (91) 


It follows from the definition of current that any unit of charge divided by any unit of time 
my gerve as a unit of current, Thus if a charge of 80 coulombs passes a point in 10 seconds, 
pe averane current during that time is 8 coulombs per second, A coulomb per second is more 
priefly referred to as an ampere, Other units of current often used include the following: 


microampere = (= 10°® amp) 
milliampere (= 10° amp) 
abampere (= 10 amp) 


Following common usage, the positive direction of a current is taken to be the direction in 
ich positive charges would have to flow to produce the observed effect, regardless of which 
ind of charge is actually moving. (See Sect. 24) 


gg. The Maintenance of an Electric Current ina Path, In order to maintain a steady flow of 
current through a conducting path, it is necessary to maintain a po- 
tential difference between the ends of the path. For example, sup- 
we wish to maintain a current I flowing through the filament of 
lamp bulb from A to B as shown in Fig. 92. To keep A at a high 
ntial and B at a low potential, we must remove charges from B Av- aed 
Ne fast as they arrive and place them back on the other end at A. \ 
In practice, this can be done by connecting the two ends of the path + \ 
to some source of electric energy C. This source may be a voltaic n 
cell (Sect. 70) or it may be a generator in a distant power house to > c 


“ 


which connection is made through a wall outlet. When connected in 
this way, the path AB and the source C form a closed circuit, and — 
the source of power keeps the charges circulating around in the fr 
circuit as indicated by the arrow tips. B ‘~ 5" 

The direction of the current along a simple conducting path 
will always be from high to low potential. That is the direction of 
the electrostatic force associated with the difference in potential. Fig. 92 
In drawings, plus and minus signs are often used in pairs to indi- 
eate the difference in potential between the two ends of a current carrying path. The plus indi- 
cates the end of higher potential. This convention is illustrated by the signs placed at the ends of 
the path AB in Fig. 92. Signs used in pairs in this way have significance with regard to the in- 
cluded path only, and neither one has any meaning with regard to any sign in another part of the 
circuit. 


93. Ohm’s Law and Electric Resistance. In the preceding section it was pointed out that the 
charges in an electric current will not continue to flow past the obstructing atoms unless a dif- 
ference in potential V is maintained between the ends of the path. For a given path it is found 
that the difference in potential required to maintain a desired current is proportional to the cur- 
rent. This proportional relationship is known as Ohm’s Law. Ohm’s law may be expressed 
mathematically by writing 

ver. (93) 
Here R is a constant factor of proportionality with reference to variations in V andI. The fixed 
ratio of V/I which holds for a given path is called the resistance of the path. Thus Eq. (93) may 
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be regarded both as a statement of Ohm’s law and as a definition of the resistance R. The appli- 
Cation of the name resistance to this ratio is appropriate, because if it takes more potential dif- 
ference to force a given current through a path, the path may well be said to offer more resist- 
ance to the flow. The resistance of a given path such as a piece of wire depends on the kind of 
material, the cross-sectional area, the length, and the temperature of the wire. The influence of 
these various factors will be discussed in more detail later. 

Any unit of potential divided by any unit of current may be used as a unit of resistance. The 
So-called practical unit of resistance is the ohm, which is defined as a volt per ampere. Thus if 
a difference in potential of 120 volts will drive a current of 2 amperes through the filament of a 
lamp bulb, the resistance of that path will be 


R - 120 volts _ 60 volt _ 60 ohms 


2 amp amp 

The megohm (10° ohms) and the microohm (10™* ohms) are other units used to measure very 
large and very small resistances respectively. 

Equation 93 can obviously be written in the form V = IR. A potential difference associated 
with a current flowing through a resistance in accordance with this equation is often referred to 
as an “IR drop.” In other words, the potential drops by an amount IR as we move with the cur- 
__Fent from the high to the low potential end. 

Ohm’s law may be demonstrated in graphical form by plotting the values of potential differ- 
ence V against the corresponding values of the current I for a given path. According to Ohm’s 
| law, the resulting graph must be a straight line through the origin. The constant slope of this 

line will be equal to the resistance of the path. 


94. The Measurement of Electric Current by Moving-coil Current Metus. An electric cur- 


rent can be measured by sending it through a coil of wire properly mounted between the poles of 
a magnet. One arrangement which can be used for this 
purpose is shown in Fig. 94, In practice, the flat rect- 
angular coil generally consists of a number of turns of 
wire wound on a lightweight frame. The coil is sus- 
pended by an elastic metal strip which holds the coil to 
its zero position when no current is flowing. This 
strip also serves to conduct the current from one bind- 
ing post to the coil. The flexible spiral below the coil 
conducts the current from the coil to the other binding 
post. The cylindrical piece of iron at the center of the 
coil concentrates the influence of the magnet without 
interfering with the rotary motion of the coil. 

As will be explained later in Chap. 20, a current 
flowing through the coil of Fig. 94 will make the coil 
rotate in a horizontal plane against the restoring 
torque of the elastic suspension. For a given current, 
the coil will rotate and come to rest in a position 
where the torque from the current is balanced by the 
restoring torque of the elastic suspension. The great- 
er the current, the greater will be the angular deflec- 
tion, and hence the deflection gives a measure of the 
current. The angular displacement of the coil can be 
observed by attaching a pointer to the coil and provid- 
ing a graduated scale at the end of the pointer. Some Fig. 94 
meters use a weightless beam of light as a pointer by 
reflecting the beam from a small mirror attached to the coil. 

The arrangement shown in Fig. 94 is known as a suspended moving-coil, or D’Arsonval, 
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95. portable Current Meter The suspended coll type of galvanometar described in the 
rocod section “ore depres instrument and muat be kept in an upright positlon, To 

pie 8 mor voted patens 100. Je Fg deontergiematlar nals date ll peony trang gh 
Bau can OO Pee act instrument wel bearings placed renpoctivaly at the top and bettom of the 
coll frame aornatts eupport : constructed in this way are commercially available, In theve 
ynstrumenttB» the het : equired to hold the coll to its zero position is usually furnished 
flat spiral springs, one attached at each bearing. These spirals also serve ap flexible con~ 
poctors t complete the path through the moving coll from one stationary binding pont to the 
other The coils in these meters are generally provided with rigid pointers, 

pivoted-coll meters can be made to measure large or small currents depending on the num- 

of turns in the coll, the atiffness of the clastic springs and other features of the design. 

ince the pivots inevitably introduce some friction, a pivoted coil meter can never be made as 
sensitive as the suspended coll type. 

The term galvanometer which 1s generally applied to a suspended coll meter 1 alwo applied 
to pivoted-coil instrument ff the meter is relatively senaltive, and if the scale is marked in 
arbitrary divisions, However the scales of pivoted-coil meters are generally calibrated to indi~ 
cate the current directly in units of current. These meters are then referred to a# ammeters, 
mnilliammetersy or microammeters, depending on the unit in which the scale is calibrated, 


96. Galvanometer Sensitivity and Resistance. A current meter has two important charac- 
teristics which determine its suitability for a given use. These are its sensitivity and ite resiet- 
e. The sensitivity of a galvanometer is the amount of current indicated per smallest division 
graduated on the scale. For example, if a current of 40 microamperes deflects the pointer of a 
galvanometer § divisions the sensitivity is 8 x 10°° amperes per division. The reuistance of a 
yanometer 1s simply the resistance of the conducting path through the coil from one terminal 
to the other. 
g7. Moving-coil Voltmeters. Since the path through a galvanometer or milliammeter has a 
definite resistance, the current through the meter is proportional to the difference in potential 
between its terminals. Thus the deflection which is proportional to the current will also be pro- 
portional to the difference in potential between its terminals. This means that the same pointer 
which indicates current can also be made to indicate the potential difference between the meter 
terminals, and therefore between any two points connected to these terminals. The meter is then 
a voltmeter. The characteristics of a meter which makes it particularly useful as a voltmeter 
or an ammeter will be discussed in detail later. (See Sect. 116) 


Chapter 10 
ELECTRIC CURRENTS IN CONDUCTING PATHS (continued) 


100, Energy and Power Expended in a Resistive Path. When electric charges pass through a 
simple conducting path having resistance, they come out of the low potential end with less elec- 
trostatic energy than they had at the high potential end. The loss in energy by the charges is due 
to their collisions with the fixed atoms of the conductor, and the lost energy is thereby trans- 
formed into heat energy. The generation of heat is an unavoidable result of a current flowing 
through a resistance, just as the generation of heat is an unavoidable result of motion where there 
is mechanical friction. 

If a total charge Q passes through a conducting path in a given time t, and if the difference in 
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Potential between the ends of the path is V, the total expenditure of electric energy W will be vq, 
If the current I is constant, Q = It so that we may write 


W = Vit (100-1) 
Equation (100-1), written in the form 
V=W/It (100-2) 


Suggests that the difference in potential between the ends of a simple conducting path can be 
measured by measuring the amount of heat generated in the path when a measured current I flows 
for a measured time t. This method of measurement is based directly on the definition of poten- 
tial difference as energy per unit charge, and may thus be considered to be a very direct meas- 
urement. The method is suitable for a laboratory exercise involving measuring techniques of 
various kinds, but because of its inconvenience it is seldom used in general practice. 

Since power is the rate with which energy is expended, it follows from Eq. (100-1) above that 


Power (P) = a = VI (100-3) 


Electrical power is usually measured in watts or kilowatts. The watt is a joule per second, and 
a kilowatt is equal to one thousand watts. 

The use of units in Eq. (100-3) may be illustrated by finding the power expended in an 
electric stove which takes 11 amperes of current from a power line furnishing a difference in 
potential of 120 volts. Substitution in Eq. (100-3), gives 


. Power = 120 volts x 11 amp Pa 
= 1320 volt amp 


= joule coul . i‘ 
apap coul sec \ 


LL 
~ 1320 joule or 1320 watts 
sec 


A Kilowatt-hour is a unit of energy based on the kilowatt of power. It is the amount of 
energy expended in one hour when the rate of expenditure is one kilowatt. In general, energy is 
equal to the product of power and time, so that any unit of power times a unit of time could be 
used as a unit of energy. Thus a watt-second is a joule. 


101. Equations for Energy and Power in Terms of Resistance. The fundamental equations 


used to define power, P, potential difference V, current I and resistance R are 


P=wft (101-1) 
V=W/Q (101-2) 
1=Q/t (101-3) 
R=V/I (101-4) 


where W is the energy, Q the charge and t the time. These equations may be combined by simple 
algebra to derive other equations which are convenient for certain routine calculations. Some of 
these other equations commonly used are 


W = FRt (101-5) 
W = (V?/R)t (101-6) 
P=FR (101-7) 
P=V/R (101-8) 


The student may easily verify the derivation of these equations from the four given above. 
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102. Applicationa of Resistive Heaters, A large number of electrical devices such as incan~ 
descent lamp bulbs, toasters, stoves, etc,, are used to convert electrical energy into heat energy 
by merely allowing a current to flow through a resistance, From an electrical point of view, such 
devices consist essentially of a conducting path having a certain resintance, In designing any 
such device, the resistance is chosen so that when the device is connected to the potential differ- 
ence for which it is intended, enough current will flow to give the desired power output. Such de- 
vices are usually marked both with the voltage for which they were designed, and with the power 
output that will result when that voltage is used, From these data, the corresponding rated 
values of the current and resistance may be compouted, 

It should be noted that if the voltage applied to a resistive heating device is different from 
the rated voltage, then the actual current and actual power output will be different from the rated 
values. If the applied voltage is less than the rated value, the current and power will not be 
enough to bring the device up to its proper operating temperature, If the applied voltage is more 
than the rated value, the device may get too hot and burn out quickly. 

The resistance of a heating device as computed from its rated power and voltage will be the 
value which holds when the device is at the proper operating temperature, For the tungsten fila~ 
ment of a lamp bulb, the resistance increases with the temperature so that the resistance at the 
operating temperature will be several times as great as the resistance at room temperature. 

For the alloys which are commonly used in the resistance elements of many electrical heating 
devices, the resistance does not change much between room temperature and operation tempera- 
ture. 


103. Conduction Paths through Empty Space. Many types of electronic tubes constitute con- 
ducting paths where the current is a stream of electrons moving through empty space. For ex- 
ample, the flow of electrons through an x-ray tube as described in Sect. 57 is externally equiv- 
alent to a conventional current I flowing through the tube in the opposite direction. Ohm’s law 
will not in general hold for such a path, and the resistance will be different for different values 
of I. The equation W = VIt however, is a general equation which always gives the energy ex- 
pended in a path. In the case of the x-ray tube, this expended energy goes first to accelerate the 
electrons through the empty space, and give them kinetic energy. This kinetic energy then ap- 
pears at the target of the tube when the electrons strike it. Some of the energy is converted into 
the desired x-rays, but most of it is converted into heat, 

The production of heat in the target of an x-ray tube is an undesirable but unavoidable waste 
of energy. The same thing is true of many other types of electronic tubes. On the other hand 
electronic bombardment has been used to advantage in certain applications where it is desired 
to heat small bodies inclosed in an evacuated tube. Temperatures high enough to melt any of the 
metals can be obtained in this way. 


104. The Conservation of Energy in Electric Circuits. The principle of the conservation of 
energy applies to electric circuits as elsewhere. In the circuit of Fig. 92, for example, the 
source of electric energy does work in carrying the charges from low to high potential on the one 
side of the circuit. This energy is lost by the charges and converted into heat as they flow down 
on the other side. According to the principle of conservation of energy, the net energy supplied 
per unit charge by the source of power in one part of the circuit must exactly equal the energy 
per unit charge lost as heat in the rest of the circuit. 

Since potential difference is energy per unit charge, the principle of y, Ve Vs 
conservation of energy applies indirectly to potential differences, This ne ne 


fact has already been implicitly recognized in some of our discussions 1 1 
involving potential differences. In general, it tells us that the total po- —_—o 
tential difference encountered in a number of steps is the algebraic sum \___________U 
of the separate steps of potential difference. For example, consider Vv 

three paths connected together end to end as shown in Fig. 104-1. If V,, 

V, and V, are the net gains in potential encountered by a charge in Fig. 104-1 
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then the net gain V in passing from A to B will be given by 
vVeVytVat Vs 04-4) 

be added in algebraically ag a 


passing through the respective paths, 


A drop in potential encountered along any one of these paths may 
negative gain, 

The principle of conservation of energy also indirectly ag ge Ming 
several different paths pass between the same two end points, they se a 
have the same difference in potential between their ends. For example, if V,, 


is the gain in potential encountered in passing from C toD pan ead first 
path, V, the gain from C to D along the second path, and so on, 
(104-2) 


V,°V,"V, Wigs 10% 


105. Kirchhoff’s Law for Currents. Electric currents in sae 2 le aga as if elec. 
tric charge can not be created or destroyed. In other words, ee Spe ar = 
potential drives a steady current through a path, the current whic L, 


one end must be equal to the current going in at the other end. If rg ee 
meet at a common junction point, the sum of all the currents that flow 


point must be equal to the sum of all the currents that flow away from the _ 
This last statement is known as Kirchhoff’s First Law for Electric a S. eg 
Applied to a junction between two paths as shown in Fig. 105, it means t 8- 105 


I=L. 


Chapter 11 


COMBINATIONS OF RESISTIVE PATHS 


110. Equivalent Resistance of a Combination of Resistances. In practice it often happens 
that a number of resistive paths are connected together, and connected to the same source of po- 


tential. For example all the electric devices in a residence are usually connected together ang 
all of them are connected to the same incoming power lines. We shall now consider the proper- 
ties of such combinations. 

Let A and B represent the two points on a given combination of resistive paths where the 
outside source of potential difference V is applied. In general, there will be a certain net cur- 
rent I flowing in to the combination through the high potential lead. The same current will flow 
out of the combination and back to the source through the low potential lead. The ratio of the dif- 
ference in potential V applied between A and B to the net current I flowing through the combina- 
tion from A to B is called the equivalent resistance of the combination. In other words, the 
equivalent resistance of a network is the resistance of a single path that could be connected to 
the source of potential difference to take the same current as the network takes. It follows that 
we would not be able to tell the difference between a combination of resistive paths, and a single 
equivalent path if both were inclosed in similar boxes with only the terminals exposed. 


111. Series Combination of Resistances. If a number of 
resistive paths are connected together end to end so that the procccccccce 5 
current which comes out of one path must all pass through the a! 1 
next, the paths are said to be connected in series. Such a ee Oe Te eee 
combination is illustrated in Fig. 111, From what has just I! Ry Re atl 
been said we may write ee 


I-L=L=l=.. (111-1) Fig. 111 


ceiiieeabtmmaataaea lintaniteie “siiaatecitaat staan? ia alnas ee aabitials os aiein tl eae 


meets a 
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where I is the current through the combination I, the current through the first resistance, and so 
on, If V,, Va» Vs represent the respective potential drops in the several paths, then the total drop 
V across the combination will be given (See Sect. 104) by 


VeVtvity, (111-2) 
Since Ohm’s law holds for euch path separately 
Y= 1R, Vy" 1,R,, and V, = LR, (111-3) 


The ratio of V to I is the equivalent resistance R of the combination according to the defini- 
tion in the preceding section, Hence we may write 


vi 


Rev. (111-4) 
Substituting for V from Eq. (111-2) gives 
V,+V,+ V. 
R «ks (111-5) 


I 
Using V, = ],R, etc., we can then write 


_ UR, + R 
R= ah ERs (111-6) 


Since the current in any one resistance is the same as the current I through the combination, the 
I’s will cancel, giving : 
R=R,+R,+R, (111-7) 

It follows from Eq. (111-7) that the equivalent resistance of any series combination of paths will 
always be larger than the largest one of the single resistances. 

For any two resistances in a series combination, the voltage drops across the respective 
resistances will be proportional to the resistances. This is true because I, = L, and hence 
V,/R, = V,/R, oF 
R, 
R, 


112. Parallel Combinations of Resistances. If a number of resistive paths having resistances 
R,, R, and R, are connected between two given points so that the same 
difference in potential V is applied to all the paths as shown in Fig. 112 
the paths are said to be connected in parallel. It follows from Kirch- 
hoff’s law for currents in Sect. 105 that the current I coming up to the 
combination from the outside at the junction point C will divide among 
the several paths of the combination so that 


(111-8) 


Ss 


I=I,+L+h+.. (112-1) ke 
We also know from Sect. 104 that | I 
v=V,-V,=V, (12-2) ¢ D 
where V is the potential difference between C and D. Ohm’s law holds | ! 
for each path separately, so that I | 
i] I 
V, V. V. 

Luck = —2 and =i3 112-3 ! 

tT R R, L R, ( ) 


The equivalent resistance R of the combination between C and D is 
given by definition as Fig. 112 
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Re V/I (112-4) 
To obtain an expression for R in terms of Ry, Ry, and R,, we can substitute from Eq. (112-3) jn 
Ba. (112-1) to give 
V_Y, Vay May 
we kt ok tt ht one (112- 
RR RR, 5) 
Since V = Vy, = V, = Vy, all V'a will cancel giving 
Lod,tyd 
RR, 


+ vee 
‘a R, 
I follows from Bq, (112-6) that the equivalent resistance of any parallel combination of paths 
Will always be leas than the smallest single resistance involved. This ae reasonable enough 
if we recall that a resistance is a conducting path, so that any added path will carry added cur. 


rent between two given points. 
For any two of a samnber of resistances in parallel, the currents through these resistors wy) 
be inversely proportional to the resistances, This follows because V, = V,, whence LR, = LR, 


(112-6) 


or A oP (112-7) 


113. Computation of the Equivalent Resistance of any Combination, According to its defini- 
of paths from one’ point to another can be m, 


tion, the equivalent resistance of any combination 
ured by applying a measured difference in potential V to these two points and noting the current ] 


that flows in to the combination at one point and out of the combination at the other point. 
equivalent resistance can also be found by computation for any type of network if the res: 
of all the separate paths are known. In many common networks there will be found local Groups 
of two or more resistances combined in series or in parallel. Any one of these groups can be 
replaced by a single resistance, computed according to the series or parallel equation. A 
somewhat simplified network can then be drawn in which each of these local groups is replaceg 
by a single equivalent resistance. Successive applications of this simplifying process will even- 
tually reduce the original network to one equivalent resistance between the two points of externa) 
contact. Other types of networks may require a more complicated method of solution. 

Students should note that the terms series and parallel apply to 
the electrical connections rather than to the positions of resistances 


as represented on drawings. Thus in Fig. 113 the resistances are z ~ 


both connected in parallel “between” the points A and B. 

It should also be noted that a given network of resistive paths irae cies ees | 
may have different values for its equivalent resistance, depending 
on what two points of the network are to be connected to the ex- Fig. 113 


ternal source of potential difference, 

114, Potential Dividers. A potential divider is a device for furnishing a variable potential 
difference by tapping off a portion of a given potential drop. It consists essentially of a series of 
resistors AB through which a current I is made to flow by some source of power, and a tap T 
which may be connected across any desired portion of AB to 


give a potential difference V. If no appreciable current is 

drained off through the tap T, the current through all parts et 
of Ry will be the same, and the total drop through R, will be -—, 1 
IR,. The value of V will be IR, so that V may be made to At 1B 
have any value between zero and IR, by moving the tap T. 7 

The resistance between A and B may be a bare wire along v 


which the tap T can slide from one end to the other, in which 
case it is commonly referred to as a slide-wire. Fig. 114 
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Small potential dividers are widely used in radio applications, and are commercially avail- 
able under the name of potentiometers. Except for this engineering usage, the name potentio- 
meter is usually reserved to apply to a more elaborate piece of apparatus used for measuring 
potential differences. (See Sect, 172) 


115, Ammeter Shunts. If we wish to measure a current in a given path by inserting an am- 
meter in series with the path, the resistance of the ammeter must be relatively small in order 
not to affect the current we wish to measure. In practice, ammeters with suitably low resistance 
are generally made by using a sensitive galvanometer in parallel with a low resistance shunt. 
The current through the galvanometer will then be a small but definite fraction of the current 
flowing through the combination, and the scale can be marked to indicate the current flowing 
through the combination rather than the current flowing through the galvanometer only. 

Consider an ammeter made by shunting a galvanometer as shown in 
Fig. 115. Let A and B represent the external terminals of the ammeter, 
while I represents the current being measured. Inside the ammeter, the 
current is separated into two parts, with a current Ic passing through the 

vanometer coil and a current Is flowing through the shunt. The drop 
in potential from A to B through the resistance Ro of the galvanometer 
will be the same as the drop through the resistance Rs of the shunt, so 
that we may write 


I; Rs =I¢ Re (115-1) 

or Fig. 115 

Is _Re 

— = -2 

—_ (35-2) 
Now since I; = (I-1 ) we can substitute in Eq. (115-2) to give 

I-Ig _ Ro (115-3) 
Ic Rs 


For ammeters and milliammeters constructed by shunting sensitive galvanometers, Ic is very 
much less than I and an approximate relation 


i (115-4) 


can be used. 

Any ammeter behaves as a single conducting path between its two terminals, and it is im- 
possible to tell from the outside whether the meter has an internal shunt or not. If an ammeter 
does have an internal shunt, the observable resistance of the meter as a whole will be the equiva- 
lent parallel resistance of the two internal paths. The observable sensitivity of the meter as a 
whole will be the amount of total current per scale division. 

Any current meter can be made into a less sensitive current meter by an external shunt 
across its terminals. One sensitive meter and a number of relatively inexpensive external 
shunts may thus serve to measure a wide range of current values. External shunts are ordi- 
narily designed so that the total current flowing through the shunt and meter in parallel is some 
simple multiple of the current through the meter itself. The theory involved in the above equa- 
tions for a galvanometer with a shunt applies equally well to an ammeter with an external shunt. 


116. Voltmeter Multipliers. Since the difference in potential between the terminals of a 
moving-coil current meter is proportional to the current, the scale can be marked to indicate the 
difference in potential in volts between the terminals, as explained in Sect. 97. An ordinary cur- 
rent meter may not have very desirable characteristics when used as a voltmeter. In order for 
a voltmeter to measure a potential difference without changing the potential to be measured, it 
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i 8 & moving- 
must be designed to take a very amall current from the Sp inept le Bi afl cnn ph 
Coll meter in general must have a very high resistance to serve as a v : 
flect all current, irectl 

arene cecclive moving-coll meters having high resistance rt shh a eoguih oer y 
"8 voltmeters, but most volimeters are made using a galvanometer w d where large voltages 
connected in series as a so-called multiplier, A multiplier is always oe lower voltages. For 
are to be measured, and it has a number of advantages for meters rea — a single type of 
example, a manufacturer may utilize the methods of mass production m alte diSatene sapien 
gkalvanometer coll, and then provide meters of different ranges by simply using 
re ¢ - 

ie teed amount of added resistance required for a given voltmeter can hes mega Sern 

puted. Let V be the differencein potential which is to be measured between the two darko 
terminals of the voltmeter. Let fo be the current that must flow through the oe ne the 
ive the desired deflection, as determined by the sensitivity of the meter. Let Ro niet 
resistance of the galvanometer. The added resistance R must then have a value suc 


gy y_ (116-1) 
ORS 
where Ry is the sum of Re and R. The resistance Ry of this series combination will then be 
the resistance of the voltmeter between its external terminals. From an outside point of view, 
such a voltmeter will appear as a single path having a resistance Ry. 
Any voltmeter can be converted into a voltmeter of higher range by the addition of an ex- 
ternal series resistance, or multiplier. The theory needed to compute the value of an external 


reciprocal may be found by dividing the resistance of the meter by the voltage required for full 
scale reading, and it is commonly expressed in ohms per volt. Thus a meter with 1000 ohms 
per volt takes a current of 1 /1000 ampere for full scale deflection. Such a voltmeter with a full 
scale reading of 3 volts would accordingly have a resistance of 3000 ohms. 


second combination, the ratio of the readings will be the equivalent resistance of the parallel 
Combination. Either of these equivalent resistances will approximate the unknown resistance if 


118, Comparison of Resistances by the Ratio of Potential Drops. An unknown resistance X 
can be measured in terms of a known standard resistance R by connecting the two resistances in 


series 80 that the same current flows through both of them. The respective potential drops V, 


Vz =IX and Vv, =IR. 
Hence 
%/R = V,/V,. (118) 


By measuring the potential drops with a voltmeter, the ratio of the drops can be used to give the 
ratio of the unknown to the known resistance, 
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Only meter with its associated possible error is involved in this method, so that it will 
in general be a more accurate method than the one described in the preceding section. 


119. Comparison of Resistances by Wheatstone’s Bridge. Wheatstone’s bridge !s a combi- 


nation of resistances as shown in Fig. 119. This arra 
drop across a known and unknown resistance more ceetrateee ae entice lias 
can be done by using a voltmeter as described in the preceding 
section, In the diagrams shown, X is the unknown resistance to be 
measured, and R is the known resistance to which it is being com- 
red. R, and R, are an additional pair of known resistances. A x La 

pattery C is used to send a current through the network from A to A 8 
B, and a galvanometer G is connected between J and K. Different 
values of the known resistances are chosen by trial until no cur- 
rent flows through the galvanometer, and the bridge is then said 
to be balanced, : 

If no current flows through the galvanometer, the difference 
in potential between its terminals must be zero. In other words, 
the potential at J must be equal to that at K. Hence the potential 
drop V, across X must be equal to the potential drop V, across Fig. 119 
R,- Similarly Ve must be equal to V,, using a corresponding , 
notation. It follows then that 


v% "Vv, (119-1) 


since no current flows through the galvanometer, the current I, through X must be the same as 
the current through R, so that 


La IP ren (119-2) 
Vi R 
Also the current I, through R, must be the same as the current through R,, so that 
V, R, 
Vv, a R, (119-3) 
By substituting from Eqs. (119-2) and (119-3) in Eq. (119-1) we then obtain 
= = (119-4) 


One advantage of measuring resistance by Wheatstone’s bridge is that the accuracy of the 
result is not affected by errors in the meter, since the meter is merely used to indicate the ab- 
sence of a current through that path. The only accurate pieces of apparatus needed are the known 
resistances. Compared to ammeters and voltmeters, an accurate, 
known resistance is relatively inexpensive and easy to maintain, 


because it consists of nothing but a piece of wire with convenient 2 

terminals. R x 
For convenience in adjusting the known resistances in a bridge, 

at least one of them may be a dial type in which the resistance can be 

be varied by turning a knob. In such resistors, the value of the re- = 


sistance for any setting of the knob may be indicated by a pointer 
attached to the knob. 

In a Wheatstone’s bridge as described above, the resistances 
R, and R, can be furnished by two portions of a uniform “slide Fig. 120 
wire” AB as indicated in Fig. 120. The slide wire, unlike other 
connecting wires, has a considerable uniform resistance per unit 
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length. The int along the wire where the contact K must be ¢, 
: br is balanced by finding the po 
Cive no eurthen i Gs ci ain The ratio of the resistances R, and R, will then ve the same 


&s the ratio of the corresponding lengths of wire so that 
-.= (119- 
cal 5) 


Chapter 12 
THE RESISTIVE PROPERTIES OF MATERIALS 


120. The Resistivity of Materials. When a steady current flows through a k estetivety long 
uniform metal wire or strip, the moving charges will be spread almost unifor ar over the cross. 
Section and they will be moving parallel to the sides. Under these elena resistance of a 
wire of a given material is directly proportional to the length L and inversely proportional to the 
cross-sectional area A. Thus we may write 


R= pz (120-1) 


ae p = R/(L/A) (120-2) 


where P is a factor of pro rtionality constant with respect to L and A. The value of P for any 
rer pe say Bid dcengp aed try Eq. (120-2) from the measured resistance of a given piece of wire 
material. 

The quantity P as determined _ (120-2) for a particular material is known as the re- 
Sistivity of that material. Since Soa mat with respect to L and A, it follows that once the 
value of P for a given material is found from measurements made with one particular piece of 
bar or wire, the resistance of any other piece of the same material can be computed by using 
this value of p-in Eq. (120-1). 

121. Metric Units of Resistivity. It follows from the definition of resistivity as given in Eq. 
(120-2) that P may be expressed in terms of some unit of resistance multiplied by some unit of 
area and divided by some unit of distance. If R is expressed in ohms, A in cm? and L in cm, p 
will be expressed in ohm-cm. For example, if a wire 800 cm long with a cross-sectional area 
of .01 cm? is found to have a resistance of 4 ohms, the resistivity of that material must be given 
by 


p= 4 ohms x Ol cm? _ 5. 10-5 ohm-cm. 
Fe 


800 cm 


122. English Units of Resistivity. In the English system, the unit of length commonly used in 
connection with resistivity is the foot, while the unit of area is a special unit equal to the area of 
a circle one mil (.001 inch) in diameter. This unit of area is called the circular mil and is ab- 
breviated C.M. Thus if a wire 2 ft long has an area of 9 C.M. and a measured resistance of 20 
ohms, the resistivity of that material will be given by 


= 90 ohms-C.M. per ft. 


By using the C.M. as a unit,the computation of the area of a circular wire from its meas- 
ured diameter is very simple because the area in C.M. is numerically equal to the square of the 
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diameter in mils.' For example, let us compute the resistance of a wire 15 ft long with a diam- 
eter of .020 inches, made from a metal having a resistivity of 12 ohm-C.M./ft. Since the diam- 
eter is 20 mils, we know immediately that the area is (20)! C.M. Substituting this in Eq. (120-1) 


gives 
ohm-CyM. 16 
R= ohm OM - 
12 iow 00 OM. -48 ohms. 


A similar calculation will show that a wire of the same material 1 ft long and one mil in diam- 
eter will have a resistance of 12 ohm. Thus in general, the resistance in ohms for any wire 1 ft 
jong and 1 mil in diameter will be numerically equal to the resistivity of the material. 
The C.M. can be used as a unit of area in dealing with wires having a rectangular cross~ 
o oy be a ame in square mils can be converted to C.M. by using the relation 7/4 
sq. mils. = oe 


128. Resistivities of Various Materials. The resistivities of various materials are given in 
the first column of the following table. 
Table 123 
Resistivity and Temperature Coefficients of Resistance 


Resistivity Temp. Coef. Resistivity Temp. Coef. 

Material in ohm-cm at 20°C. of Resistance | Merial 5, ohm-cm at 20°C. of Resistance 
Aluminum 2.8 x 107° -0039 Mercury 95.8 x 10* -00089 
Brass 4. x107° -002 Nichrome 112. x10 -00016 
Carbon 3470. x 107° -.0005 (Ni 60, Fe 25, Cr 15) 
Constantin 45. x107° <.00001 Nickel 7.8 x 10 -006 

(Cu 60, Ni 40) Platinum 10. x10* -003 
Copper 1.7 x 107° -0038 Silver 1.6 x 10° -0038 
Gold 2.4 x 107§ -0034 Sodium 5.0 x 10° 
Iron 10. x 107° 005 Tungsten 5.5 x 10-* -0045 


Manganin 44. x 10° <.00001 
(Cu 84, Mn 12, Ni 4) 


The numerical value of the resistivity in ohm-C.M./ft-6.02 x 10° times the mumerical valwe of the 
resistivity in ohm-cm. 


It may be noted that pure metals have relatively low resistivities compared to the alloys. 
Silver, gold and copper are the three best conductors of all known materials. Nichrome is an 
alloy of nickel, iron and chromium,which is widely used in heating elements of such things as 
toasters and soldering irons. It is advantageous because its high resistivity permits a given re- 
sistance to be had with a relatively short and rugged piece of wire, and because it oxidizes Slow- 
ly even at a red hot temperature. Rods of non-metallic conductors such as silicon carbide are 
often used in electric stoves and furnaces. A heating element made of a high resistivity materi- 
al like this will be relatively wide and short, and hence more rugged. 


————— 
1. This follows because the areas of any two circles are proportional to the numerical ratio of 
the square of their diameters. Thus 


A Area of circle of diameter d mils @ 


1 C.M. ~ Area of circle of diameter 1 mil ~ 12 


and 
a? 
A= 7 C.M. 
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The resistivities of insulating materials such as glass can be eres pit cmatligg Met 
aa. SttVity of a conductor. Thus, one kind of glass has w resistivity th along the surface of a 
data however must be used with care in practice, because the conduction reater than the com- 
Siven insulator due to moisture and other Impurities may be many times ¢ 
puted conduction through the material itself. 


that the curre 
124. The Distribution of Charges in a Conducting Wire. It was stated above ra 


will be uniformly distributed over the cross section of a long wire et Oey caceauetereg 
ing parallel to the sides. This may appear as a contradiction of the fac sible for the differ- 
&® conductor reside on the surface, It is true that the excess charges se oy articipate in the 
ence in potential along a conductor will be on the surface. The cae tal pe er electrons which 
current however, are not excess charges. Rather they are the so-calle siutad. ‘Thesdicera exe 
are uniformly distributed among the fixed atoms with which they are eceeons therefore 
left with a Positive chai ge for each electron that becomes free. The ae tribution of positive 
constitute a cloud of movable negative charges diffused through a fixed dis! al. ee ane 
charges, without giving an excess of either kind of charge inside the mater = dalek Yee 
there is one free conduction electron in a conductor for each atom, the num Ban the mumber of 
may be involved in conduction through a wire will be millions of times larger 0 
excess charges required on the surface to maintain the potential Lee ct that limits the 

For alternating currents of high frequency, there is a so-called skin e eon ire will ac- 
flow of current to the outer part of the cross-section. The resistance of a solid wire w 
cordingly be higher for such currents than it is for steady currents. 


125. The Effect of Temperature on Resistance. The resistance of a conducting path usually 
depends, on the temperature of the path. For some types of conductors such as seamen tie re- 
sistance decreases as the temperature increases. For other conductors, including me cc con- 
ductors the resistance increases with a rise in temperature. In general, the behavior of any giv- 
en type of path with respect to temperature must be determined by experimental measurement. 
For most metals the rate of increase of the resistance with respect to the temperature is nearly - 
enough uniform that we can use a constant temperature coefficient of resistance to describe this 
behavior approximately. temperature coefficient of resistance is defined as the increase in 
resistance per unit {stanse ar O"C per degree rise Ta temperature, Thus U R, is the re=~ 
disnce f06 
- ARL 

R, At 
If R, is the resistance at any centigrade temperature t,, then At = t, - 0, and AR = R, - R, so that 
we may write 


a (125-1) 


R, = R, (1 +at,) (125-2) 


For any other temperature t, we can write R, = R, (1 +¢t,) and this equation can be combined 
with Eq. (125-2) to give 


R, _ (1 +at,) 
R, ~Crat,) (125-3) 


For the pure metals which are good conductors of electricity, such as silver, copper, and gold, 
the increase in resistance per degree rise in temperature is approximately 1/273 of its value at 
0°C for all these metals. This rate of change is approximately the same as the rate of change of 
the pressure of an ideal gas with an increase in temperature. The values of o for these and 
various other metals are given in the second column of Table 123 on page 37. It will be noted in 
general that alloys such as constantin and manganin may have very small temperature coeffi- 
cients as compared to those of pure metals. Because of the low temperature coefficient of alloys 
like constantin and manganin, these materials are commonly used in making standard resistance 
coils. Such coils will have very nearly the same resistance at all temperatures, 
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As defined in @ will not be found exactly constant for all values of t. When very pre- 
cise measurements must be made or when a wide range of temperatures is involved, the behavi- 


istance can not be adequately d 
or of ares q y described by the use of a single constant. In such situ- 
ations Eq. (125-1) is not used at all, and the equation ' 


R, = Ry (1 + at + bt® + ct*) (125-4) 


js used instead of Eq. (125-2). In this equation, a, b, and c are constants which must be deter - 
mined by experiment for any given material. The terms containing b and c amount to small cor- 
rection terms which become relatively more important at higher temperatures. 


126. Resistance Thermometers. A coil of wire having a high temperature coefficient of re- 
sistance may be used as a resistance thermometer, since the measured change in resistance of 
such a coil will indicate any change in temperature of the coil, Nickel and platinum are com- 
monly used for this purpose because they have relatively large temperature coefficients and do 
not corrode readily. Note that a resistance thermometer made of an alloy like constantin would 
be very insensitive. 


Chapter 13 


CONDUCTION THROUGH LIQUIDS 


180. The conduction of electricity through some liquids is due chiefly to the rather free mo- 
tion of temporarily unattached electrons, and therefore does not differ essentially from conduc- 
tion in solids. This is particularly true of molten metals. The metal mercury, being liquid at 
room temperature, is a typical conductor of this type. There is however another type of liquid 
conductor in which the conduction is due to the motion of charge atoms through the body of the 
liquid. Such conduction is of particular interest because of the associated chemical effects, and 
it will be discussed in this chapter. 


131. Electrolytic Dissociation, Many chemical compounds, when dissolved in water suffer a 
dissociation of their molecules into two parts which are equally and oppositely charged. For ex- 
ample, when ordinary salt dissolves, its molecules dissociate into their separate atoms except 
that each chlorine atom takes with it one of the electrons which belongs to the corresponding 
sodium atom. Thus a solution of common salt contains negatively charged chlorine atoms and 
positively charged sodium atoms suspended in the solvent. Many other chemical compounds dis- 
sociate in this way, including particularly the various salts of the metallic elements. Solutions 
containing charged particles resulting from dissociation are called electrolytes. 


132. Ions. The charged particles which result from electrolytic dissociation are called 
ions. The name comes from the Greek verb which means to go, and it signifies the tendency of 
the ion to move when placed in an electric field. In general, any molecule or atom that has be- 
come charged by losing or gaining an electron, is referred to as anion. Thus in addition to the 
electrolytic ions being considered here, there are other types of ions which occur under other 
circumstances. 

Electrolytic ions include single atoms of various elements which have gained or lost an 
electron, such as the sodium and chlorine ions mentioned in the preceding section. Other elec- 
trolytic ions consist of several atoms which stick together and behave as a single particle. Thus 
when a molecule of silver nitrate (AgNO,) is dissociated, there will be one silver ion (Ag*) con- 
sisting of a silver atom which has lost one of its electrons and a nitrate ion (NO,~) consisting of 
one nitrogen atom and three oxygen atoms sticking together. This ion behaves as a single par- 
ticle having an excess charge of one electron. Copper sulphate (CuSO,) breaks up into a copper 
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where v is a whole umber representing the valence, the name aw tha chamten 


valence of a chemical element as axhibited in a solution ba 
valence which determinen the way In which the chemical elements aombine ta form compounds, 


This ts to be expected 1 ociation which oceurs Ina solutton to juut the reverse of the 
Procens of shen wal ronan te neat chemical combinations occur hetwoan mbttancen 
with positive valence and substances with negative valences so that the resultant molecules are 
Clectrically neutral. Hence positive and negative charges uppear In equal numbers whan mien 
cules are dissociated, 

Tt may be noted here that metal atoma as a clase are all electropositive in that they tend to 
lose one or more of their outer electrons to form positive lone, This same behavior Ie charag- 
teristic of metals in the solid state, where their exceptional conductivity Is attributed to the faet 
poe some of the outer electrons of the atom are relatively free to move from one atom to the 
next. 


134, Atomic Weight. Atoms of different substances have different weights, All atome of « 
kind weigh the same with the exception of isotopes, which will not be considered here, Gince 
atoms are so small and so numerous,they are often counted and weighed in groups of MW atoms 
each, where N = 6.023 x 10, In other words, we find it conventent to deal with atoms by figura- 
tively grouping them in standard packages with 6.023 « 10" atoms of @ kind in each package, One 
result of this is that if an oxygen atom is sixteen times ag heavy a8 @ hydrogen atom, & standard 
package of oxygen atoms will be sixteen times as heavy as & standard package of hydrogen atums, 
The number N is called Avogadro's number, 

The atomic weight A of any substance 1s the numerical value of the weight of N atome of that 

in grams. Because of the unfortunate but established use of the term “atumic weight” 
the student may easily mistake the atomic weight of a substance to mean the weight of an indi- 
vidual atom, Instead it requires N atoms to weigh A grams, and hence the mass m of one atom 


will be given by the equation 


The necessity of writing grams after A to obtain mass arises from the definition of A as a pure 
number, 

The value of Avogadro’s number was arbitrarily fixed in an indirect manner when a weight 
of 16 grams was chosen as the weight of a standard mase of oxygen for use in chemlatry, N was 
thus fixed as the number of oxygen atoms in that amount of oxygen. 

When an atom is converted into an ion by losing or gaining a few electrons, the weight of the 
ion will be the same as that of the atom to within three significant figures, This is so because 
the mage of an electron 1s so small compared to the mass of any atom. 


135. Electrolysis. If two conducting strips, called electrodes, are placed in an electrolyte 
at some distance apart, these electrodes can serve as the terminals of a conducting path through 
{ 
4 


~, 


41 


of the electrolyte. When a difference in poten 
the yea between the two electrodes, the eae ee rere 
ape will cause the positive ions in the electrolyte to move 
ne through the potential gradient to the negative elec- 
fe, At the same time, this field will also cause the nega- 
tr ons to move “up” through the potential gradient to the 
tive ive electrode. The current through the conducting path 
me en be the resultant of both of these motions. A vessel 
ctrolyte with two electrodes as described above is re- 
pred to as an electrolytic cell. The general term elec- 
gis iS applied to any chemical process which occurs in Fig. 135 


e 
1 
tro atect rolytic cell due to the transporation of charge through 


the cell. _ 
1%. | Electrolytic Deposits. When an ion reaches an electrode of the opposite sign, the 
cha’ on the ion will in many cases pass over to the electrode leaving the ion to exist as an or- 
qinary atom. If the atom is a metal atom, it may thereby be deposited on the electrode along 
with other similar atoms to form an adherent layer of metal. Surface layers of copper, silver, 
chromium, etc.) may thus be deposited, or plated, on any conductor which is used as an electrode. 

A metal which is deposited by electrolysis may be in the form of a compact, adherent, layer 
having physical properties just like any ordinary piece of that metal. This type of deposit is of 
course particularly desired in commercial plating. Depending on the kind of metal and the con- 
gitions under which it is deposited however, the layer of metal may be rather porous or spongy. 
In some cases the deposit may even build up in the form of long filaments extending out from the 
electrodes with branches resembling the branches of trees. 

When ions of gas-forming elements lose their charges at an electrode, then electrolysis may 
result in the production of bubbles of that gas at the surface of the electrode. Thus hydrogen 

5 will be liberated at the negative electrode of a cell whenever electrolysis occurs in an acid 

solution containing hydrogen ions. The term hydrogen ion is used here in the interest of sim- 
icity to refer to what is probably a positively charged particle consisting of one molecule of 


aati attached to a hydrogen ion. 


137. Number and Mass of Ions Deposited. If a current I flows through an electrolytic cell 
for a time t, the total charge Q that has moved through the cell will be given by the equation 


Q=lIt (137-1) 
The total number of positive ions that must have arrived at the negative electrode will accord- 
ingly be equal to the total charge Q divided by the charge q on each ion. Since q = ve, we may 
write 


ele 


number of ions deposited = 2 (137-2) 


The number of negative ions that must have gone up to the positive electrode to have their 
charges neutralized can be computed in the same’ way using the magnitude of Q for the magnitude 
of the total charge on all the negative ions involved. This holds because if a total positive charge 
Q passes from the positive electrode into the electrolyte in the direction of the conventional cur- 
rent, it would neutralize an equal total negative charge brought up to the electrode from the other 
direction by the negative ions. 

For either positive or negative ions, the total mass deposited will be equal to the number of 
ions times the mass of each ion, so that we may write 


M = (Q/ve)m (137-3) 
Substituting for m from Eq. (134) above, we may therefore write 
M= (A grams) Q (137-4) 


N ve 


j 
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By using Q = It,this may also be written 


-_ (A grams) R (137-5) 
v Ne 

The product Ne which appears in Kq. (197-5) is the amount of charge carried by N electrons, 
R is sometimes u sed as a unit of charge called the Faraday. To within three significant figures 
it is equal to 96,400 coulombs. 

188. Electrochemical Equivalent, In order to deposit a given mass M of a certain chemical 
element by electrolysis, a certain charge Q must be transported up to the electrode because each 
ion has a fixed amount of charge q associated with a fixed amount of mass m. If x ions are de- 
posited, the total mass M will be xm, and the corresponding total charge Q will be xq. Thus the 
Quotient M/Q will be the same as m/q for any value of x since 


M_xm_m (138-1) 
Q xq q 
In other words, the ratio of M to Q for a given element will always be the same regardless of 


whether a large or a small mass is deposited. 
The constant ratio of M/Q for any given element is called the electrochemical equivalent for 


that element. Since Q = It, the definition of z could be written 


Zs M Jor M = zit (138-2) 
guco 


A comparison of Eq. (138-2) with Eq. (137-5) shows that 


me (A grams Yi 3 

: [ 4 a (138-3) 
The relationship expressed in Eq. (138-3) can also be derived by using the equations 

M/Q = m/q, m = A grams/N and a= ve. 


139. The Measurement of Current by Electrolysis. The average value of a current fl 
ee an electrolytic cell for a given time can be determined by applying Eq. (138-2) in the 
orm : 


I= M/2t 
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Chapter 14 


CONDUCTION THROUGH LIQUIDS (continued) 


140. The term electrolysis (Sect, 196) applies in general to any chemical action which oc- 
curs when a current passes through an electrolytic coll, If both electrodes are made of the same 
material, an external source of power such as a mechanical generator will be required to cause 
a current to flow through the cell. Thus the oxternal source expends energy to make the chem|- 
cal action take place. In other cells where the electrodes are made of different material, the 
electrolytic cell constitutes a voltaic cell, Such a cell ts itself capable of driving a current 
through an external conducting path connecting the two electrodes together, and here we may 
consider that the chemical action furnishes the energy to keep the current flowing. Whether the 
current produces the chemical action or vice versa, there is always a definite relationship be- 
tween the current and the mass of material involved in the reaction as expressed by Eq. (137-5). 
The simple deposition of atoms of metals in electroplating as described in Sect. 136 in one ex- 
ample of electrolysis. Other examples will now be considered, 


141. Electrolysis of Copper in a CuSO, Cell. In many electrolytic processes, the neutraliza- 


tion of the charge on an jon at an electrode does not result in a simple deposit of the substance 
involved. Instead, the neutralized ion may react chemically with either the material of the 
electrode or the solvent. The electrolysis which occurs in a solution of copper sulphate (CuSO,) 
with copper electrodes furnishes an example in which the neutralized negative jon reacts with 
the positive electrode. 

The molecule of copper sulphate dissociates into a copper ion with a valence of +2 and a 
sulphate ion (SO,) with a valence of -2. When the sulphate ion is neutralized at the positive 
electrode, a chemical reaction occurs which takes an atom of copper and the equivalent of two 
positive electronic charges from the electrode and returns the sulphate ion to the electrolyte just 
as it was before. The net result in such a process is that the total number of sulphate ions in the 
solution remains constant while copper ions are dissolved from the positive electrode. These 
ions carry positive charge away from the positive electrode, and they move toward the negative 
electrode where they will be deposited. 

Since the dissolution of the positive electrode in such a process must serve to replenish the 
metal ions in the solution, it is necessary to use a positive electrode made of the same metal if 
a considerable amount of metal is to be deposited on the other electrode. Generally the metal 
deposited on the negative electrode will be quite pure, whether the metal dissolved from the 
other electrode is pure or not. Thus electrolytic process may be used to refine metals. 


142. The Electrolysis of Water. The electrolysis which occurs when a current is sent 
through a dilute solution of sulphuric acid (H,SO,) in water with a relatively inactive electrode 
furnishes another example where the liberated negative ion reacts with the solvent. To begin 
with, each dissolved molecule of sulphuric acid gives two positive hydrogen ions with a valence 
of one, and one sulphate ion (SO,) with a negative valence of two. When a current is sent through 
the cell, the positive hydrogen ions go to the negative electrode where they are deposited as bub- 
bles of hydrogen without any complications. The negative sulphate ions go to the positive elec- 
trode where they lose their negative charge. As soon as a sulphate ion is neutralized, it breaks 
up a molecule of water, takes two electrons from it, and liberates the oxygen atom. This leaves 
two hydrogen ions and the original sulphate ion in the solution, while oxygen gas is liberated in 
bubbles at the surface of the positive electrode. The net result is just as if the water molecules 
had dissociated by themselves into hydrogen and oxygen ions, and as if these ions had gone to the 
respective electrodes where the gases were liberated without the dissolved acid playing any part 
in the process. It should be noted, however, that this action will not take place in pure water. 
However, the simplified equivalent concept of the electrolysis of water in a solution of sulphuric 
acid can be used in computing the mass of hydrogen or oxygen that will be liberated by a given 
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in Eq. - ct. 137. 
Eq. (137-5) of Se: ells. A voltaic cell as described in Chap, 7 


Cons ate 
in Voltaic C eg. 
cant. Re ea tiectrodes of different materials immersed Ls sot begat baa Inside 
ie ai at ps chemical force acts to remove positive charges negative elec. 

’ 


trode and place them on the positive electrode, thereby eae a tndaniiren ns 
chemical action stops when the chemical algae 4; colnide ‘tie Gall, diturrest on 
up. Now if the electrodes are connected by a re ots the negative electrode. This. How 
through this path from the high potential positive LC aaciiarre lectrodes. The tvalent 1s cur. 
rent will tend to reduce the potential difference between the itive waders 
free wil thn one balan and wil A Ary onta Carton th atin 

. oO ma: af 
path outside the cell, the chemical force must act 28 = pump rarranips tacos, atk minus to 
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energy to keep the current flowing. As in all sioctrplytic ratit and no chem raster 
in the chemical action will bear a definite relationship to the current, and no ical action way 
one i ee tate chemical action which occurs when a voltaic cell 
a current is usually a dissolution of the negative electrode. The continued use of Such a cell may 
completely dissolve all the material of that electrode. Such a dissolution represents a loss of 
chemical energy. This energy is transformed into electric energy and is used to drive the cur- 
rent. 


145. Polarization and Local Action in Voltaic Cells, The motion of charge through a voltaic 
cell and the chemical actions which result when the cell furnishes a current may alter the con- 


stitution of the electrolyte in any given region. The same actions may also deposit foreign atoms 
which cover the surface of the electrodes, as is the case when bubbles of hydrogen are deposited 
on a metal electrode. In general, such effects tend to reduce the potential difference which the 
cell can furnish, and they are referred to as polarization effects. They are often of a 

nature and may disappear of their own accord if the cell is left standing without any current flow- 
ing, 


Another difficulty that is encountered in the use of voltaic cells is due to the almost inevita- 
ble presence of impurities in the electrodes. Such impurities often give a localized electrolytic 
action. A small piece of impurity in contact with an electrode and with the solution constitutes a 
small voltaic cell located on the surface of the electrode. Since the impurity is in contact with 
the electrode, the minature cell sets up a localized circulation of charge. Thus electrolytic ac- 
tion may eat away an electrode although the cell as a whole is not furnishing any useful current. 
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provided it delivers only very small currents for brief periods of time. One electrode of 
this cell is & paste of mercurous sulphate in contact with mercury held in the bottom of one side 
H-shaped glass vessel. The other electrode is an amalgam of cadmium held in the bottom 
the other side of the glass vessel. The electrolyte connecting the two electrodes io a saturat- 
solution of cadmium sulphate with crystals of cadmium sulphate to keep it saturated, This 
as an emf of 1.01830 volts at 20°C. The value of such a cell as a standard may be seen 
number of significant figures given for its emf. 
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alibrated individually. ngly convenient to use, 


which 
aiffer 
must be ¢ 

147. Primary and Secondary Cells. By using a stronger outside source of power, an electric 
current can be made to flow through a voltaic cell in a direction opposite to the direction of the 
current the cell itself would furnish. In other words, a stronger outside source of energy Can 
make a current flow through the cell in opposition to the internal equivalent chemical force, In 
some cells, this reversed current causes a chemical action which is the reverse of the chemical 
action that occurs when the cell furnishes current. After such a cell has expended its chemical 
energy in use, it can accordingly be restored to its original condition by sending a reversed cur- 
rent through it. Such a cell is called a storage, or secondary cell. 

A voltaic cell which cannot be restored after use by a reversed current is called a primary 
cell. In these cells, a reversed current produces a chemical action in the cell, but the action te 
not the reverse of the chemical action which occurs when the cell furnishes a current. 


148. Lead Storage Cells. Commercial lead storage batteries like those used in motor care 
offer a good example of the behavior of storage cells in general. These cells have a negative 
electrode of lead and a positive electrode of lead peroxide. The electrolyte is a dilute solution of 
sulphuric acid. When such a cell furnishes a current, the net result of the associated chemical 
action is to reduce the lead peroxide on the positive electrode and to deposit lead sulphate on both 
electrodes. At the same time, the concentration of sulphuric acid in the electrolyte is decreased, 
as is indicated by a decrease in the specific gravity of the electrolyte. In this final state, the 
chemical materials in the cell have less energy than they had before. Thus when a storage cell 
is furnishing a current, charges are moving through the cell in the direction of the chemical 
force, and chemical energy is being converted into electrical energy. When all the lead peroxide 
has been reduced, no more chemical energy is available and the cell is said to be discharged. 

A lead cell is recharged by using a stronger external source to send a reversed current 
through it. This reversed current reverses the chemical action which occurred while the cell 
was being discharged, and restores the cell to its original condition. Note that while a cell is 
being recharged, charges are being forced through the cell against the equivalent chemical force. 
Thus the electrical energy furnished by the external source i power is being converted into 
chemical energy and stored in the battery in that form. 

A lead storage cell as described above gives a potential difference of about 2.1, depending on 
the state of charge. Most automobile batteries have three such cells connected together in a unit 
to give a potential of about 6.4 volts. 

A very simple lead storage cell can be formed by using two lead strips as electrodes ina 
cell containing dilute sulphuric acid. A brownish deposit of lead peroxide can be formed on one 
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Chapter 15 
SOURCES OF ELECTRIC POWER 


rive electric charges around a conducting 


150, Electromotive Force. An agent that can d Moen mast eireutts dis era incu 
circuit is referred to as an electromotive force, OF out. 


‘ alon; 
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through the cell is a good example of an emf. 
The definition of electromotive force E may 
E-W/Q (150) 
when that charge passes through the path 
a erste a force is thus used in a technical sense ic 
refer to an amount of work per unit charge, instead of referring directly to the force which does 
this work. It is more natural to use the term emf to refer to the force itself, and this literal 
usage of the term inevitably persists. Fortunately little confusion will arise from this dual 
in practice if we merely remember that an emf must be measured in terms of the work done per 
unit charge whenever we wish to assign a numerical value to it or use it in a mathematical equa- 


tion. 
Whenever the term emf is used in its literal sense to refer to the force that does the work, 


it is considered to act in the direction in which a positive charge is impelled to move along the 
path containing the emf. 

151. Units of Electromotive Force. Since the electromotive force in a path is defined as an 
amount of work done per unit charge passing through the path, any unit of work divided by any 
unit of charge may be used as a unit of emf. For example, if the chemical emf of a storage bat- 
tery does 60 joules of work on 10 coulombs of charge passing through it, the emf of the cell is 


_ _60 joules _ 
ET coulomb © Polts 


be stated in the form of the equation 


where W represents the work done on 
which the force acts. Note that the term ele 


152. Emf as a Source of Electrical Energy. An emf can serve as a source of electrical ener- 
gy because it can exert a driving force on moving charges. In this 


respect, its action may be illustrated by the simple circuit previ- * I 

ously considered in Sect. 92. The essential details of that circuit 

are reproduced in Fig. 152 for more convenient reference. The + 

source of power C which drives the charges around in the circuit + 
can now be referred to as an emf according to the definition given R 


above. A two-stage transformation of energy occurs in such a i 
circuit. For example, let us suppose the source of energy is a - 

chemical cell. The first stage of the transformation occurs as 

the charges are carried up through the cell by the chemical force; B J 

this converts chemical energy into electric energy, which is Fig. 152 
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carried out of the cell by the charges. The second stage ‘occurs as the charges move down through 
the resistance R; there the electrostatic energy is converted into heat. 

The energy per unit charge (V) given out in the resistance is equal to IR. This energy per 


unit charge must also be equal to the work done per unit charge by the chemical emf if there is 
no loss in the cell itself. In that special case we can therefore write 


IR-V=E. (152) 


Note that when an emf is driving a current in this way, the charges are taken in at a low po- 
tential and delivered at a high potential. In other words they move through the emf from low to 
high potential. This is in contrast to the flow of charge through a resistor, where the charges 
always move from high to low potential. 


153. Energy and Power Furnished by an Emf. It follows from the definition of emf that ifa 
charge Q flows in a time t through a path containing an emf E, the work W done by the emf will 
be given by 


W-EQ (153-1) 
If the current is constant, Q = It, and hence 
W =Et. (153-2) 
The power P furnished by the emf will be W/t, so that 
P=EL (153-3) 


154. Kinds of Emf and Comparison of Emf with Potential Difference. There are different 
kinds of emf which may be classified according to the source of energy. For example the crem- 
ical emf in a voltaic cell furnishes electrical energy from chemical energy. The electro-me- 
chanical emf of a rotating generator furnishes electrical energy from mechanical energy. Other 
types of emf to be studied later will include photo-voltaic and thermal emfs. These emfs trans- 
form light energy and thermal energy respectively into electric energy. 

Potential difference and emf are so much alike that the distinction between them is not im- 
mediately obvious. They are similar in that both involve a force that can act on a movable 
charge, and both can furnish energy to make charges move. With regard to the force, there is 
a distinction in that the electrostatic forces associated with a potential difference can never 
make charges circulate around in a circuit; they can only drive them from one side of the cir- 
cuit to the other. With regard to the energy, there is a distinction in that the energy furnished 
by a potential difference already belongs to the charge as electrostatic potential energy, while 
the energy furnished by an emf comes from an external source. The energy from a potential 
difference is analagous to money a person withdraws from his own bank account in that it al- 
ready belongs to him, while the energy from an emf is analagous to income from an external 
source. Physically the money is the same, but the amounts belong in different categories. 

Thus, in spite of the distinction between potential difference and emf, they can both be measured 
in volts, and they can be added, subtracted, or equated in mathematical expressions. 


155. Internal Resistance in an Emf, A usable emf consists of a conducting path along which 
a force acts on electric charges. In any actual emf, this conducting path will have a certain 
amount of resistance, which is referred to as the internal resistance of the emf. 

The internal resistance of voltaic cells is mostly in the electrolyte, and it depends in gen- 
eral on the size and spacing of the electrodes. For example, a very small flashlight cell may 
have an internal resistance of about one ohm. On the other hand, a larger dry cell made of the 
same materials and having the same emf may have an internal resistance of only .05 ohms. The 
lead cells in the storage battery of an automobile may have an internal resistance as low as .005 
ohms. Rotary mechanical generators may have large or small internal resistances, depending 
on the size and length of the wire used to make the coil in which the emf is generated. 
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stated above, 

158. Terminal Voltage of an EMF Producing Electric Energy, S810 (once tent he 
nishes energy to charges that move through It in tied ee increase in electrostatic is 
lost along the path, the charges will emerge from the emf ST eee by the emf. In char nt 
per unit charge that is exactly equal to the work done per un a} veatitance along the par Words, 
the gain in potential will be equal to the emf. If there 1s amy potential will then be somethin ® 
the emf acts, some energy will be lost in heat. The net sale resistance R, will be IR hing 
less than the emf. Since the loss of potential due to an inter : aH Diy 
write 

(Net Gain in Potential) = (Gain from emf) - (Internal IR, loss). (156-1) 
The net gain in potential as given by the above equation is often referred to as the terminal volt- 
age of the emf. 

In adding the changes in energy which are encountered by rarioapi cet porsot ge i an emf, 
the changes may be added in any order just so all of them are along the path from one Re, 
although the resistance in a voltaic cell may be distributed all along terminal 
te the other, we may consider this resistance 8 ett att 
rated at one point. Also regardless of where the & a outro tbe 
ally acts sing thes path, it cea be considered to be concen- 
trated at some one point, as illustrated in Fig. 156-1. As- ee iigores oer eeeT 
suming this simplified equivalent distribution of the emf and . 
internal resistance, a graph of potential is shown in Fig. Fig. 156-1 
(156-2) to represent the gains and losses encountered in 
passing through a cell for the case where Eq. 156-1 applies. 
The abrupt rise labeled E represents the gain from the emf, 
and the more gradual drop labeled IR; is the loss due to the 
internal resistance; V represents the net gain. An emf 
furnished by a generator is usually represented in circuit 
diagrams by the symbol — “Ow+ 

Positive and negative signs used in diagrams on the 
terminals of cells and generators indicate the relative po- 
tentials which would exist if no current was flowing. This 
means that the positive terminal is the one toward which . 6 
the emf is directed; it may or may not be at the higher po- sa aes 
tential in any given application. _ F 

Using conventional symbols for the quantities involved in Eq. (156-1), we may write 

V=E- hj. (156-2) 


For many sources of emf, E and R, will be approximately constant for different values of I. 
Equation (156-2) therefore gives the values of a dependent variable V in terms of an independent 
variable I and two constants E and Rj. This equation may be regarded as a complete specifica- 
tion of the electric behavior of a path containing an emf, just as the equation V = IR describes the 
electric behavior of a simple resistive path. It is to be noted that the terminal voltage will be 


equal to the emf only when no current is flowing. 


157. Terminal Voltage of an Emf Receiving Electric Energy. As pointed out above, an emf 


must be able to serve as a source of electric energy if it is to be able to exert a driving force on 
moving charges. It also follows that an emf will receive electric energy if charges.are forced 
through it in a direction opposite to the emf by some stronger source. Sources of emf are able 
to receive electric energy in this way by virtue of the fact that they can convert it into some 
other form. For example, the equivalent chemical force in a storage cell can receive energy by 
converting it into chemical energy. The emf of a mechanically driven generator can receive 
energy by operating as an electric motor converting the electric energy into mechanical energy. 
As will be explained in Chap. 31, a given machine can operate either as a generator or motor, 
depending on whether the current moves through the machine with the generated emf or against it. 
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When an emf receives energy from charges moving through it, the loss of electrostatic 
energy per unit charge to the emf is equal to the emf, If the emf has an internal resistance Rj, 
the charges will also lose energy in the form of heat in the resistance. Regardless of the direc- 
tion of a current through a resistance, the resistive heat loss is always the same. Hence we may 
write 


(Net loss in potential) = (Loss to emf) + (Internal IRyloss) (157) 


It follows that the terminal voltage of an emf receiving elec- 
tric energy must always be greater than the emf. 

A graph of potential showing the losses encountered by a 
charge moving through a cell with the current against the emf 
is shown in Fig. 157, where the cell is represented in the 
equivalent simplified manner described in Sect. 156. 


Chapter 16 


THE SERIES CIRCUIT 


160. A number of electric paths connected in series to form an endless circuit constitutes a 
series circuit. For example, a voltaic cell connected to send a current through a lamp bulb is 
such a circuit. If there is no internal resistance in the cell, and if the connecting wires have no 
resistance, the drop in potential across the lamp will be equal to the emf as explained in Sect. 
152. These ideal conditions never exist in practice although they may be closely approximated 
in some cases. In this chapter we shall consider the behavior of series circuits in general. 


161. Series Circuit with one Emf. If a single emf E with an internal resistance Rj is con- 
nected in a series circuit with one or more resistances such as R, and R,, a current I will flow 
around in the circuit in the direction of the emf. Any charge moving with 
the current will gain an amount of potential equal to the emf E of the cell 
when it passes through the cell. It will also lose potential energy in the 
form of heat when it passes through any of the resistances in the circuit, 
and the potential lost in any one resistance will be equal to the IR drop in 
that particular resistance. The sum of all the potential drops encountered 
as a charge goes once around the circuit must be equal to the energy per 
unit charge received by the charge in passing through the emf. In other 
words, 


IR; + IR, + IR, =E (161-1) 
and hence 
E Fig. 161-1 
“—— aa 161-2 8. 
R, + R,+R, ( ) 


Thus the current is equal to the emf divided by total series resistance of the circuit. After the 
current I has been computed, Eq. (161-1) can be used to find how much of the available potential 
is expended in each resistance. 

In laboratory circuits, the resistance of the connecting wires is often negligible. In power 
circuits however, the connecting wires which form a part of the circuit may extend over miles of 
distance, and they may have appreciable resistance. For example, consider a generator with an 
internal resistance R, attached to a stove of resistance R, through long lines having a total 
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IR, would represent the part of the 
res the circuit. In that case, 1% 1 lost in heat al 
eral R,. Count ing both wed fe generator itself, IR, the Sonia 4 eer rade 
power Liaeeaea TH, reatial V delivered to the stove. Note that ® than g 

s pot 
Or an . 
amount IR; + IR,. ts. If several emfs are connected in a Closed serjeg 

16. Series Circemt wih Several Emits: will flow in the direction that eee ae charges a 
wet cg Several resistances, the Cur ved. Thus if there are two emfs tending to drive the 
Se ee nen ee . ' the current will flow in the direction of the 
Curtest around the circuit in opposite oe a charge moving with the current will joge 
Stronger emf. In passing through any iy in energy per unit charge from all the emfs in 4 
et sieges y to aa eh Lage pt in the direction of the current, less the sum of aj) 

sum 

“ eee al cece nas wave in a series circuit with several emfs will be given py 
the general relationship which may be written in the form 


Net gain in energy per unit charge from all the emfs = Sum of all the IR drops (162-1) 
H we let DE represent the net gain in potential from all the emfs we may write 


IE = IR, +R, + R,+... (162-2) 
" ? the right hand side 
i ‘ ust be included among the R’s on : By 
The ccleaner 3 sain ae ras the total series resistance in the Circuit, we may write 


1 a (162-3) 


Common exam series circuit containing ta) emfs is the circuit used to 
un 2 storage epee oe 2 achaion’ contac. geno and generator are Connecteg 
So that the stronger emf of the generator drives the SS ee ee its 
chemical emf. Commercial storage batteries and generators ordinarily Mave rather low interna] 
Tesistamces and an additioml resistance R.is usually placed in the circuit to control the amount 
: E follows from above that a mumber of cells may be connected together in series to get a 
larger emf. The total emf of such a battery of cells will be the sum of the separate emfs if al) 
the emfs act in the same direction. 


163. Ohmmeters. One of commercial ohmmeter used to measure unknown resistances 
furnishes 2 practical sntualie a simple series circuit with a single emf. Such ohmmeters 
have 2 current meter, a cell, and an adjustable resistance R, connected in series between two ex- 
ternal terminals. An unknown resistance to be measured is connected between these terminals 


164. Measurement of an Emf by a Voltmeter. A voltmeter attached to the terminals of a 
source of emf indicates the terminal voltage of the emf. If a moving-coil voltmeter is used, it 


, and hence the observed voltage will be less than 


the resistance R, of the voltmeter. The relationships involved can be written by noting that the 
voltmeter connected to the emf E forms a series circuit so that 


E = I(Rj + Ry) (164-1) 


$1 


The torminal voltage of the emf in alao the voltage between the voltmeter terminals, so that 


mR (164-2) 
I thon follows that 
Ry 
FE lity + Ry) (164-3) 


Thia laat equation showa that if the voltmeter resistance ia much larger than the internal resist- 
ance of the emf, the obxerved terminal voltage will be approximately equal to the emf EB. 
The terminal voltage of a source as observed by an electrostatic voltmeter (Sect. 46) will 

ive a true measure of the emf because auch metora take no current except for a temporary 
current required to deflect the meter, These voltmetera are satisfactory for measuring high 

rtontiata, but in the portable form they are not sensitive enough to measure voltages less than a 
hundred volts, They also have a disadvantage in that the scale divisions are not uniformly spaced 
over the whole scale, 


Chapter 17 


ELECTRIC NETWORKS 


170, In a network of paths containing emfs and resistances, the current in any one path will 
depend upon all the E’s and all the R’s in the whole network. If the E’s and R’s are known, it is 
possible to compute the unknown currents in all the paths. The general procedure is to use re- 
Jationships already known to write a group of equations between the known E’s and R’s and the 
unknown I’s, and solve these equations simultaneously. In general, unknown emf’s and resist- 
ances can also be found, provided some of the currents are known so that the total number of un- 
known quantities does not exceed the total number of paths in the network. 

The relationships used to give the required simultaneous equations include 


1, Ohm’s Law: V = IR for a resistive path. (Sect. 93) 


2. Kirchhoff’s Law I: The algebraic sum of all currents flowing into a junction point is zero. 
(Sect. 105) 


3. Kirchhoff’s Law II: The algebraic sum of all changes in potential encountered in tracing 
through the several paths of any closed loop in the network must be zero when we return 
to the point from which we started, 


Kirchhoff’s second law is essentially the same as the law for potential differences in connected 
paths as given in Sect. 104. That law has merely been reworded here to apply to a sequence of 
steps that carry us back to the point from which we started. The changes in potential involved 
in this law include both changes encountered in passing through emfs and changes which arise 
from IR drops along resistances. 

Included in Kirchhoff’s Law I is the fact that the gain in potential from any one point in a 
network to any other point is the same for all paths that pass between the same two points. 

In writing the simultaneous equations for a given network, unknown quantities are to be 
represented by letter symbols. If a current ina particular path is unknown, it will be necessary 
to assume a direction. Either of the two possible directions may be arbitrarily chosen. If your 
choice happens to be right, a positive numerical value will be found for that current when the 
equations are solved. If your choice of direction is wrong, a negative value having the same 
magnitude will be found for the current. In either case, you will have obtained the desired infor- 
mation about the magnitude and actual direction of the current. 
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171. Parallel Combinations of Voltaic Cells. Several cells may be connected in parallel ag 
Shown im Fg. 17] to furmish a large current I through a path R without 
haying all the current came fram one cell. An application of the network 
laws as given in the preceding section will show that all cells in such a ‘ 
parallel combination should have the same emf. If the emfs are not the 
Same, wasteful currents may be sent backwards through the weaker 
cells, even when no current is being drawn from the combination as a t 
whole 


172. The Potentiometer. A potentiometer is a network designed to 
give a variahie known potential difference which can be used to balance 
2m unknown voltage, and thereby measure the unknown voltage. If the 
balamce is made exactly, no current will be drawn from the source of Fig. 171 
the unknown voltage. A potentiometer can accordingly measure an emf 
by measuring it terminal voltage when no current is flowing from the emf. 

A potentiometer circuit is shown in Fig. 172. The battery B furnishes a current in the cir- 
crit ABWDSA, so that the wire AD can be used as a potential divider (See Sect. 114). The varj- 
able ptential needed to balance the unknown cell C is fur- 
mished between the end A and the sliding contact S. A gal- 
vanometer G is comected in series with C as shown. The 
positive terminal T of the cell will be higher in potential 
than A by am amount equal to the emf of C. The point S on 
the slide wire will be higher in potential than A by an amount 
€quzl to the potential drop along the slide wire from S to A. 
If 5 is chosen by trial so that no current flows through the 
galvanometer when T’ is touched to 5, then the emf of C must 
be exactly balanced by an equal potential difference between 
$ and A along the slide wire. If R is the resistance of the Fig. 172 
slide wire between 5 and A, then : 


E-IR (172-1) 


Rather than to compute E from values of I and R, it is usually more accurate and convenient to 
eliminate I from the calculation by means of a second balancing with a standard cell C, of known 
emi EZ, substituted for C. If R, is the resistance between the new balance point 8, and A, then 


E, = RR, (172-2) 
Since the current I is the same as before, it follows that 
E/E, = R/R, (172-3) 
For 2 uniform slide wire the resistance is proportional to the length involved so that 
R/R, = AS/AS, 


A potentiometer circuit as shown in Fig. 172, is a network of resistances and emf’s and 
hence all the laws for networks will apply. 

If I is adjusted to begin with by means of W so that the length of wire required to balance a 
known emf is related numerically to the emf, the potentiometer may be made direct reading. For 
example, if the known emf is 1.08 volts, I could be adjusted until the length of slide-wire required 
to balance it was 108 cm. Then each cm along the wire would represent a difference in potential 
of .01 volt. 

Compared to a moving-coil voltmeter for measuring potential differences, the potentiometer 
has a number of advantages. As mentioned above, it takes a very small current from the source 
being measured. The balancing principle makes it possible to measure a large emf with the 
sensitivity of a relative delicate meter. The accuracy of the measurement does not depend on the 


me 


accuracy of the scale of a moring-cad meter, because the apeter is used aniy to imficate Ste 2- 
sence of any moticeable carrem. The accuracy of the pctestsometer measurespent does depend 
om the precision of the standard ceil and af the resistors used im the aetwork. buf accurate stand- 
gré cells and resisters are easier to make and mantam thes accurate morimg-coll meters. 


Caagter 18 
THERMOEZLECTRE EMF 


188. When a closed cires®t is formed from wires af two dilflerest metals A and B as imtcated 
a Fig. 188, a correst of electricity mary flow eves when 
there is mo battery or other obvices somree of ems. Such a 
cerrest will flow when there is 2 difference im temperate a « 
between the two junctions HB and C where the differes: memals 
are joimed. Since there is mo other eof im the ciread, and 2 
since the carrest flows only when there is a temperaiwre G- 
ference, there mast be an emai prodaced by the Gifiereare 2 
temperatere. This emf is referred tp as a thermoeiectric = 
exif, and a combination of wires oi two different metals m 
which soch an eof may be gemerated is called a thermo- 
couple. Fu. 188 

181. The Measerement of Temperature by Thermocouples. Since the exf im 2 thermocomsie 
circa®t depends on the difference im temperature between the two junctions, we cam measrre = - 
perature differences by measerizg the thermoelectric exif. ‘This means that a thermocomie c22 
be used 2s 2 thermometer. For example, the junction C shown im Fig. 189 cosid be pot 2 2 bath 
of ice water at OC, amd the jemction A coeld be placed 2 a2 fersace. The exef of the coupie would 
then indicate the temperatere of the fermace relative to the ceatigraie aero. 

The exof im 2 thermocouple circel can be measured by opening the circuit af any point and 
measering the difference im potentia] between the two loose eads. For 
example, Fig. 181-1 shows 2 circedt lite that of Fig. 180 except that & 
has been opened at the middle of the wire A, and 2 volimeter as been Y 
commected between the loose eads X and Z to measure the difference in 
potential between these emis. The path from X to Z through the thermo- 
couple is electrically equivalest to the path through a voltaic cell from 
ome termimal to the other; # comtazims am emf E and an interml resist- 
ance. The intermal resistance Rc is the resistance of the thermocouple 
wires from X to Z. The difference im potential V between X and Z may 
be referred to as the termimal voltage of the thermocouple Gee Sect. e 4 
156). The equation 

V-E-R. aa-2) 


Fig. 181-1 
applies when the emf of the couple drives a currest I through the cireait, 
which now imciedes the voltmeter. HR. is the resistance of the voltmeter, then 


1=E/@, +B) (181-2) 

and 
Vv =ER./@, + Be). (181-3) 
‘This shows that the emf cam be easily found from the observed reading of the voltmeter becamse 
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V is proportional to E. Voltmeters intended for use with a given thermocouple are often marked 
to indicate the temperature directly. The direct indications of such meters will be good only 
when used with a thermocouple made of the same materials and having the same resistance as 
the original couple. 

If a potentiometer is used to measure the terminal voltage V, the current I in Eq. (181-1) 
will be negligible and the emf will be equal to the observed terminal voltage. 

When a thermocouple circuit is opened to insert a meter to measure the emf, both of the 
loose ends must be kept at the same temperature to avoid introducing new thermal emfs that 
were not in the original circuit. P 

Thermoelectric emfs are relatively small and usually amount to a few millivolts for each 
hundred degrees difference in temperature. Pairs of metals to be used for measuring tempera- 
tures must first be calibrated by observing values of the emf corresponding to known tempera- 
tures, and plotting a graph of emf vs temperature. 

In practice, pairs of metals are usually chosen which will give an emf that is approximately 
proportional to the difference in temperature between the two junctions. Graphs are given in 
Fig. 181-2 below for a number of pairs of metals, showing the emf of the couple plotted against 
the centigrade temperature T, of one junction when the other junction is maintained at 0°C. The 
graph for iron and copper is given in Fig. 181-3 to show that the emf is not proportional to the 
difference in temperature for all metals over unlimited ranges of temperature. 
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Thermocouples are convenient because of the wide range of temperatures that can be measured 
by them. Some combinations are suitable for measuring temperatures as low as -253°C, and 
others can be used up to 1700°C. Another advantage of a thermocouple is that the temperature- 
sensitive junction can be inserted in inaccessible places with long wires extending to an indicat- 
ing meter in a convenient location. 


182. Thermopiles. A number of thermocouples may be connected in series and arranged so 
that all their hot junctions respond to the same temperature. If there are n couples and if the 
emf generated in each one is E, the total emf generated in the series combination will be nE. 
With this arrangement, a given temperature may be made to produce a larger and more easily 
measured emf. Such a combination of thermocouples is called a thermopile. 

Thermopiles are frequently used to measure thermal radiation from hot bodies. To do this, 
the separate thermocouples may be arranged as shown in Fig. 182 so that the radiation is 


concentrated on one set of junctions while the others are 
shielded from its effect. With such thermopiles, It has been 
found possible to detect the heat radiated from a Lighted 

teh several miles away, and measurements can be made 
on the heat radiated from stars, 

Commercial devices called radiation pyrometers are 
ysed to measure the temperature of hot bodies by measuring 
radiation emitted by the bodies. Most of these devices 

yse a thermopile as the sensitive element. 


183. Peltier Effect. Since the thermoelectric emf of a 
+ thermocouple is an effect due to temperature, it is reasonable 
to expect that it must be heat energy which furnishes the driv- 

force. A simplified but incomplete explanation of the way Fig. 182 
gm which thermal forces can drive electric charges may be 
made on the assumption that the free electrons in a metal behave like the molecules of a confined 
pody of gas. As pointed out in Sect. 24, it appears that when metal atoms are combined in the 
solid state, the outer electrons of each atom may move around in the space between the atoms 
without being permanently attached to any one. The forces of electrostatic attraction demand 
that any small element of volume must contain practically all the electrons that belong to the 
atoms in that volume, even if individual electrons are not attached to individual atoms. In other 
words, the electrons are free to move around among the atoms, but they are not free to escape 
entirely from a piece of metal into empty space. In this way the surfaces of a piece of metal 
serve effectively as walls to confine the free electrons. Like the molecules of a confined gas, 
the free electrons appear to be moving about at random with a certain average amount of kinetic 
energy which increases as the temperature of the metal increases, 

If two pieces of different kinds of metal such as iron and copper are joined together, there 
will be free electrons in each metal on both sides of the boundary at the junction. Although free 
electrons are retarded from escaping across a boundary into empty space, the electrons of one 
metal may diffuse into the other metal where the two metals 
are in contact. Because of the differences between any two 
metals, there will generally be a resultant diffusion of elec- 
trons in a given direction whenever those two metals are GY ly WS . ‘. 
touched together. This diffusion takes place due to the ther- GYf43.3O._—W~ 
mal kinetic energy of the electrons andhence we may say that SEAS 
there is a thermal emf tending to drive electrons from the 
one metal into the other. If the thermal emf tends to drive —— ——4}------- 
electrons from B to A in Fig. 183-1 it would tend to drive Eno 
positive charges in the opposite direction. Thus the emf Fig. 183-1 
would be said to act from A to B. As far as the electrical 
effect is concerned, this thermal emf is therefore equivalent to a voltaic cell inserted at the junc- 
tion as indicated by Eu», 

The presence and direction of thermal emfs:at the junctions between two wires can be demon- 
strated experimentally by sending a current through these junctions. For example, a current 1 
may be sent through a piece of iron wire connected between two pieces of copper wire as shown 
in Fig. 183-2. The thermal emf at a copper-iron junction acts 
from the copper to the iron, so that the emfs at the junctions 
will be as indicated by equivalent voltaic cells in the figure. M N 
At the junction M, the current will flow in the direction of the WMS. 
emf, and the emf will expend heat energy to give the conven- 
tional positive charges more electrical energy as they pass |__| -- 
through. At the junction N, the current is opposed to the emf, I ‘ 
and the conventional positive charges will lose electric energy Fig. 183-2 
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w in verified by the fact that 


HHH TE tee aren ‘The extatence of these emf 
OMETOS (EH BMAE ARERR while the junction at N is 


he Jinetien at Mie mdtceably coed when a current Hows, aa shown, 
Hemtent 

The Heeling oe cording of a thermocouple junction when a current passes through Is referred 
{0H Wen Peltier effort after the man whe frat diacavered It, and the thermal emf at @ junction is 
(led a Peltier emt, The temperature change Involved in the Peltier effect 1s so small that ft is 
PAGIlY CVerlimked, pmelionlar aince the Independent heating effect of the current flowing through 
thetallic tealatance te ueually much larger, 

A thermotimple clreult composed of two metals always has two junctions as indicated in 
Fig 189-9, where aymtula for equivalent voltaic cells are drawn 
{0 Indicate the Peltier emta at the junutions. If both junctions are 
Al the same temperature, the two Peltier emfs will be equal and 
(insite, However each Peltier emf Increases with the tempera 
ture, wo that it one junction ie made hotter than the other, there 
Will be @ reaultant emf around the circuit in the direction of the Ir 
Mromger emf, 

When a current flows ina thermocouple, due to Peltier emis, 
heat Is abeurbed at the hotter junction and converted into electri- 
eal eneray, A smaller amount of heat Is released at the colder 
Junction becnuse the emf is less, and the difference between the 
two ainvunts of heat is the net amount of heat converted into 
electrical energy, This process resembles heat engines in gen- 
eral, in that it abeorbs an amount of heat at a higher temperature, Fig. 183-3 
discards @ smaller amount of heat at a lower temperature, and 
converte the difference into another form of energy. A thermocouple thus accomplishes very 
slinply the saine thing that is accomplished in a power station by a steam turbine and a genera- 
tur, Mt i only because the emfs in a thermocouple are so small that it is not of much value in 
supplying electric power for the sake of the power itself. It 1s of interest to note that if a cur- 
ren is sent through @ thermocouple in a direction opposite to the emf of the couple, heat will be 
absorbed at the cooler junction and emitted at the hotter junction. A thermocouple can therefore 
acl ae a refrigerator in which electric power is used to convey heat away from a spot that is al- 
ready cooler than ite surroundings. Here again the emfs involved are too small for practical ap- 
Piication as a power handling device, 


164, The Thompson mt, In addition to the emfs appearing at the junctions of a thermo- 
Couple, there are similar emfs generated along the wires themselves due to the drop in tempera- 
ture from the hut junction to the cold junction. This emf depends on the diffusion of the electrons 
from one point ina metal to another point in the same metal where the temperature is lower. 
Thus ina part of « wire ae illustrated in Fig, 184, electrons in the hot 
region will diffuse toward the cold region making the cold region rela- 
tively negative, This action amounts to an emf in the conventional sense 
from the cold tu the hot region, which would have the same electrical au Tz 
effect a» 4 voltaic cell inserted in the path as indicated. Such a thermal \MUuV’"”™/=C==—!!l;l€0'” 
ent ina uniform piece of wire ie known as a Thompson emf. If a cur- 
rent flows through « wire along which there is a temperature variation, —_ 
the Thompson emf will produce a heating or cooling effect depending on 
the direction of the current, Like the Peltier effect, this effect 1s small 
and Cann be detected without careful measurement, Fig. 184 

The direction of the Thompson emf in many metals is found to be as 
would be expected from the simple theory of electron diffusion. In other metals, an observed 
Thompson emf inthe opposite direction indicates that an increased temperature must have other 
effects in the metal which outweigh the effect of an increased thermal velocity of the diffusing 
electrons. 
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although the Thompson emfs in a thermocouple contribute to the resultant emf, the natures 
the Thompson emfs and the Peltier emfs are such that their resultant contribution to the total 
emf depends only on the difference in temperature between the two junction points, and not on 
the gistribution of temperature along the wires, 


Chapter 18A 


CONDUCTION IN GASES 


186. The electrical properties of any conductor may be described by a graph which shows 
h difference in potential V will be required for any given amount of current I. For 
uctors at a constant temperature, V is proportional to I and the behavior can be 
described simply by giving the value of the fixed ratio of v/I, which is called the resistance of 
the conductor. For gaseous conductors, the ratio of V to I is different for different values of V 
or I, and the behavior of these conductors can not be conveniently described except by graphs of 
vvsl In order to illustrate the behavior of gas as a conductor of electricity let us consider a 
body of gas confined in a glass tube so that it serves as a path to complete a circuit containing 
an emf E and a variable resistance R, as shown in Fig. 186. The current I is led into the body 
of gas through a metal electrode M and out at the other 
end through a similar electrode N. The current I 

sing through the cross section at any point will be 

to the amount of positive charge passing the 

point per unit time in the direction of the current, plus 
the amount of negative charge passing the same point I 
in the opposite direction. 

There are many different types of behavior ex- 
hibited by gaseous conductors depending on the pres- 
sure of the gas, the nature and temperature of the 
metal electrodes, etc. Of all these we shall consider 
three particular types. 

When gaseous conducting paths are connected to 
emfs with other conducting paths, usual laws for cur- 
rent and voltage in connected paths apply as previous- 
ly given in Sects. 104 and 105. 


187, Conduction Maintained by an External Ionizing Agent. If a low voltage of the order of a 
few volts is applied between the electrodes, the current which flows will be merely the small 
current due to the ions which are formed by any’ existing independent ionizing agent such as 
cosmic rays or x-rays which strike the gas. This type of discharge depends entirely on the ex- 
ternal ionizing agent to furnish the ions which make the gas conducting. If the voltage V applied 
to a body of gas between two electrodes is increased from zero, the current I will at first in- 
crease. This occurs because the increasing voltage pulls more and more of the ions formed in 
the gas to the electrodes before they have a chance to recombine. This behavior is illustrated 
in Fig. 187 which shows that I at first increases as V increases. When a voltage V, is reached 
such that all the ions are pulled to the electrodes as fast as they are formed by the external 
ionizing agent, then a further increase in the voltage to a value V, does not produce any change 
inthe current. This constant value of the current is determined by the rate at which ion pairs 
formed by the ionizing agent. 
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Fig. 186 


58 


188. Glow Discharge. If the voltage oe 
8 Baseous conductor as described in part (b) fc 
is increased enough, the ions present in the d cea- 
charge will acquire enough energy between suc tral 
Sive collisions so that they will break up the neu es 
Molecules which they strike, Each molecule - 
up forms an additional pair of ions, and each o} ? 
these as well as the original ion may in turn oa 
Ceed to break up still more. Thus after a critic 
voltage is reached, an avalanche of tons will be r 
formed, Depending on the pressure of the gas an ; 
the geometry of the discharge tube, it may turn ow 
for a Considerable range of current values that any y 
amount of current can flow without any change in po 
tential difference between the electrodes. This may 
not seem “nreasonable in view of the fact that once 
8 critical voltage is reached the comulative process Fig. 187 
of ionization makes available as many ihe le a ieteca 

used. Under this condition the amount o ia e gets started, it ig 

Tent will be doles by the rest of the circuit,, Once such saa ol be the initial ions, 
Course no longer dependent upon the external ionizing agent be constant for a wide range of 

Discharge tubes operated in the region where the brie i s electronic devices. Such 
current values find application as voltage control tubes in variou two terminals connected to the 
tubes tend to maintain a fixed difference in potential between any i the resistance of the re reg 
electrodes regardless of changes in the supply voltage or changes 
of the circuit. 

The glow discharge derives its name from the fact that light is emitted from the gas as it 


panies exten- 
Conducts the current. The production of light by a body of gas always accom aay 
Sive ionization by collision ina body of gas. 

The gas pre: 


nance of such an arc depends upon the electrodes being heated t 
by the discharge, and the discharge j 


An arc behaves as if an increase in current produces more ions so that less voltage is re- 
quired for the lar, of V vs I therefore has a downward slope with smaller 
©sponding to larger values of I. An ordinary carbon arc is an example of this 
type of discharge, 


The tip of the Positive carbon beco 
of light in such an arc. Some light is 


Chapter 19 


MAGNETIC FORCES AND FIELDS 


190. Magnets were known to exist for centuries before any Connection between magnetism 
and electricity was recognized. Magnetism was accordingly regarded as an independent phe- 
nomena. However it now appears that magnetic forces come from the motion of electric charges, 
so that magnetism can be treated as a part of the more general phenomena of electricity. For 
example, it appears that the forces between two magnets are forces between electrons which are 
spinning around inside the atoms in the magnets. The magnetic forces between two electric 
currents are forces that act between the moving charges which constitute the currents. These 
magnetic forces between moving charges act only when the charges are moving, and they act in 
addition to the electrostatic forces about which we have already studied. 

In the following study of magnetism we will first review the more obvious properties of 
magnets as such, After that, we will develop the theory of magnetism from the electrical point 
of view. In Chap. 27 we will return to a further consideration of magnets to show how their 
peculiar properties can be attributed to the motion of the charges within the magnets. 


191. Magnets and Magnetic Poles. Magnets are familiar to every one as bodies of metal 
which will attract pieces of iron or steel. Thus if a horseshoe 


magnet is dipped in a box of iron filings, the filings will hang from 
the tips of the horseshoe as shown in Fig. 191-1. A bar shaped 
magnet will attract the filings at its ends as shown in Fig. 191-2. 
The ends of a magnet from which the attractive forces seem to 
originate are called poles. 

A magnet that is mounted so it can turn freely will ordinarily 
turn until one particular pole points to the north. This behavior 
shows that there is a difference between the two poles of the mag- 
net. The pole which is drawn to the north is called a north or 
positive pole. The other pole is called a south, or negative pole. 
A magnetic compass consists of a magnetized needle mounted 
horizontally to swing freely about a vertical axis. Such com- 
passes have long been used as direction finders in navigation. 

In general, the poles of a magnet will attract neutral pieces 
of iron or steel, and the north pole of one magnet will attract the Fig. 191-1 
south pole of another magnet. However a pole will exert a 
repelling force on another pole of the same kind. 


192. Magnetic Fields As Observed by a Compass. A 


magnetic field is a directive influence in a region which can 
be detected by its effect on a compass needle. For example, 
everyone is familiar with the earth’s magnetic field as the 
influence which makes compass needles point to the north, 
as mentioned above. Magnetic fields other than the earth’s 
field may exist, and we shall have more to say later about 
the ways in which magnetic fields can be produced and 
measured. For the present we will merely note than any Fig. 191-2 

magnetic field can be detected by a compass, and that the 

direction of the magnetic field at any point is the direction that the north pole of a compass will 
’ point if placed there. 


‘ 
193. Fields due to Permanent Magnets. If a compass needle is placed near either pole of a 


relative large magnet, the needle will in general point away from the north pole of the large 
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magnet and toward the south pole, as indicated 
by the short arrows in Fig. 193-1, This shows 
that a large magnet produces a field of its own 
that is strong enough to obscure the earth's 
field at points near the magnet, A complete map 
of the field of a magnet can be made by placing & 
compass at various points around the magnet, 
and indicating the direction at each point by an 
arrow as was done in Fig. 193-1. 

A map of the magnetic field at all points 
around a magnet can also be made by using iron 
filings sprinkled over a sheet of glass or paper 
placed horizontally over the magnet. Each 
small piece of filing is magnetized by the field 
and then behaves like a small compass needle. 
These minature compass needles line up end to 
end with the north pole of one holding to the 
south pole of the next, indicating the direction of 
the field at all points as shown in Fig. 193-2. 


~ NOG 


Fig. 193-1 


dle or by using iron fi] 
Whether a magnetic field is mapped by using a compass nee! ings, the 
configuration of ie field can be represented by drawing continuous lines to show the direction of 
the field at all points. These lines are called magnetic lines of force. 
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Fig. 193-2 


The lines of force for the complete field of a horse- 
shoe magnet are shown in Fig. 193-3. Those for a bar 


magnet are shown in Fig. 193-4. The line AA which 
passes through the two poles of a magnet in the direc- 
tion shown is called the axis of the magnet. Note that 
for all points on the axis beyond either pole, the field 
is in the direction of the axis. For all points on the 


perpendicular bisector of the axis, the field is parallel 


to the axis and opposite in direction. It would be possi- 


ble to make a magnet with a field that was not as sym- 
metrical as those shown in the above figures, but horse- 
shoe and bar magnets are generally magnetized to give 


fields as shown. 


Fig. 193-3 


Fig 


- 193-4 
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194. The Magnetic Field of the Karth, Aw atated Above, there is a natural magnetic fleld an- 


ted with the earth which acts ina northerly direction over moat of the earth's surface, 

s' compasses are ordinarily used in a hor 
netic tal, At points where earth’ horizontal plane, but the earth's (eld is not every- 
e horizonta. earth's ei 14 not horizontal, a compass utilizes only the 


dle © 


ane UP 
re OE create and the direction of the earth's field at any place is called the 
ang! The general configuration of the earth’s field ig illustrated in Fig, 194, This figure shows 

s of force relative to a cross-section of the earth taken through the axis of rotation. Note 
ait for points in the northern hemisphere, the field ig directed 
t wnward from the horizontal by an angle of dip which in general ARCTIC 
do reases with hoe pee se the equator, the field ig approxi- \ 

rizontal. e southern hemisphe 
mately can sta: Bese OERI. Phere the field is directed 
ul 

‘As indicated in Fig. 194, the field of the earth rese 
of a bar magnet with the north magnetic pole in the Sculls 
sphere, and the south magnetic pole in the northern hemisphere, 
This apparent inconsistency arises because the north pole of a bar 
magnet is defined as the pole which seeks the northward direction 
in the earth’s field. 

The specific location of the earth’s magnetic pole in the 
northern hemisphere is the spot on the earth’g Surface where the 
field is directed vertically down into the earth. At present it is Fig. 194 
scatel approximately at a latitude 70° north and longitude 96° 
west. It thus does not coincide exactly with the north geographic pole. It follows that compass 
needles will not in general point exactly north along the geographic meredians. The angle be- 
tween the true geographic north and the magnetic north 4s Indicated by a compass needle at any 

is referred to as the magnetic declination for that place. Angles of declination in the 
United States range from about 12° west for places on the Atlantic coast to about 18° east for 
ces on the Pacific coast. Detailed data on both the declination and the inclination of the 
earth’s field at various places are available in handbooks, 

Although the configuration of the earth’s field is in general as described above, the field is 
not completely symmetrical nor is it absolutely constant, Irregular minor variations occur 
from place to place, and from time to time. The changes observed with respect to time include 
erratic changes which vary from day to day, and progressive changes which persist somewhat 
uniformly over longer periods of time. The erratic type of variation appears to be correlated 


with the existence of sun spots, 
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Chapter 20 


MAGNETIC FORCES AND FIELDS (continued) Z 


200. Magnetic Forces on Currents. Motor Effect. 


One of the most important features of a magnetic field 
is that it can exert a sidewise force on a wire carrying 
an electric current. This sidewise force can be demon- 
strated by suspending a vertical wire in the field of a 
horseshoe magnet as shown in Fig. 200-1. When a cur- 
rent I is passed through the wire as indicated, the wire 
will swing away from the magnet, showing the existance 
of a force F. The sidewise force on a current flowing 
through a magnetic field is the fundamental phenomena 
involved in the rotation of an electric motor and hence 
this effect is often referred to as the “motor effect.” 
The amount of force which a magnetic field can exert 

On a given current can be used as a measure of the Fig. 200-2 
magnitude of the field, as will be explained in Sect. 

201 below. The field defined in this way will then be 

a vector quantity having magnitude as well as direction, 

and we will represent it by the symbol B. 

The force of a magnetic field B on a current I is 
always perpendicular to both I and B. In other words, 
the force is perpendicular to the plane which contains 
the vectors I and B as shown in Fig. 200-2. The rel- 
ative directions between the three vectors can be de- 
scribed if we write the three vectors in the easily 
remembered order FIB. The three vectors will then be S 
related by the right hand screw rule like the three axes 
of a right handed set of coordinate axes. Thus in Fig. 

200-2, the positive direction of the first named vector 

¥ perpendicular to the I-B plane is found by rotating 

the tip of the second vector I through an angle @ in : Fig. 200-2 
the I-B plane toward the tip of the third vector B and 
taking the direction in which this rotation would ad- 
vance a right-hand screw along F as indicated. The 
reader may find it helpful to visualize these directional 
relationships by labeling the thumb, the first finger, 

- and the second finger of the right hand with the symbols 
FIB in that order, and then holding the thumb and fingers 
to point in three mutually perpendicular directions as 
illustrated in Fig. 200-3. 

As stated above, the force on a wire carrying a cur- 
rent I in a magnetic field B will always be perpendicular 
to the geometrical plane formed by the vectors for I and 
B. This is true even if the wire is placed in the field 
without being perpendicular to the field. In general, the 
angle ¢ between the current and the field may have any 
value between 0° and 180°, but the two vectors will still 
form a plane, and the force on the wire will be perpen- 
dicular to this plane. For given values of I and B, the 


Fig. 200-2 
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magnitude of the force will depend on 
the angle @ between I and B, and it 
will have a maximum value Fy, when 
this angle ¢ is 90°, For any other re 
value of ¢, the force F will be less 
than the maximum force according to 
the equation 
F = Fm sind (200) 


This means that the force approaches 

sero as the angle @ approaches sero, 

The force on the current is found to be | 

directly proportional to the current I | 

and also to the length L of the piece of | 

wire in which the current flows, other 

things being equal. Fig. 200-4 
As examples of the above rela- 

tionships, note Fig. 200-4,where three 

equal currents I, I, and |, all lie in 

the same I-B plane. All three will ex- 

perience a force F in the same direc- ! 

tion perpendicular to the I-B plane, 

but the magnitude of the force on I will 

be greatest since the angle between I 

and B in the I-B plane is 90°. In Fig. a 

200-5, all three currents will experi- 

ence a downward force perpendicular 

to the I-B plane, but the force on | 

will be greatest because it makes an M 

angle ¢ of 90° with B. F 
201. Magnetic Flux Density. The 

maximum amount of ferce per unit cur- 

rent per unit length of wire is called the 

flux density of the field. According to this definition, the flux density B at any point can be 

computed by the equation 


Fig. 200-5 


F 
B-T (201-1) 


where F_, is the maximum force. As explained in the preceding section, I must be perpendicu- 
lar to B to give this maximum force. Magnetic flux density B is also referred to as magnetic 
induction. 

To illustrate the meaning of flux density, consider a straight wire 2 meters long placed per- 
pendicularly in the earth’s field to measure the flux density of the field. If a sidewise of .00025 
newtons is observed to act on the wire when a current of 5 amperes flows, the flux density B of 
the earth’s field would be given by 


= 00025 newtons 
§ amp x 2 meter 


or B= 2.5 x 10° newt/amp-meter (201-2) 
Since the observed force is proportional to I and L for a given uniform field, the same ratio of 
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Fy,/1L would have been obtained for any 
the same at all points along the wire, the 
B at any point. 

Once the value of B is determined at a aca he 
maximum force that will act on any other curre 
putation, the equation may be written 


might have been used. If B is nog 


ich 
value of I or Ls wh hould be used to give the value of 


na very short wire § 


known current. 
measuring the force on a , the 
it by be computed by Eq. 201-1. For this com 


Fin = BIL. (201-3) 
. (201-1 
If the angle @ between I and B is not a right angle, the force according to Eq. (201-1) will then 
be given by the equation 


F = BIL sing. (201-4) 


202. Units of Flux Density, As may be seen in Eq. (201-2), ees Sscogit i of B vl 
that amount of flux density that will exert a force of one newton carre! ampere 


a wire 1 meter long. This unit is well described by the name eee ae drawing lines 
which will be used when convenient. Magnetic flux density aeay innizo rete ious 
of force as will be explained in Sect. 222, and hence this mks limes 
of flux” per m? or “webers” per m?. 

The gauss is a smaller unit of flux density, related to the newton per ampere-meter by the 
equation 


10* gauss = 1 newton per amp-meter (202-1) 


Alth the size of the gauss was originally determined by its use in the cgs system, it can be 
sued i mks system ee a convenient fraction of the mks unit. For example, the flux density 
of the earth’s field, which is of the order of .2 gauss, would be less conveniently expressed as 
2 x 10 newt/amp m. i 

203. Direction of a Magnetic Field as Indicated by a Coil. A coil carrying a current na 
magnetic field will tend to assume one particular position with respect to the field. For exam- 
ple, a rectangular turn of wire suspended between the poles 
of a magnet will tend to take the position shown in Fig. 203-1. 
In this equilibrium position, the plane of the coil is perpen- 
dicular to the field, with a right-hand screw relationship 
existing between the direction of the current around the coil 
and the direction of the field through the coil. That is, the 
direction of the current around the inclosed lines of flux is 
the direction in which a right-hand Screw would rotate to 
advance along the lines of magnetic force, 

The reason for this equilibrium position can be seen in 
Fig. 203-2. This shows a cross-section through the coil of 
Fig. 203-1 looking down from above. It follows from Sect, 
200 that the horizontal field B will exert outward forces FF 
on the sides of the coil. In Fig. 203-2, the coil is shown 


Fig. 203-1 


turned away from its equilibrium position PQ by an angle@. It can 
be seen that the forces FF will tend to turn the coil back to its 
equilibrium position where the plane of the coil will be perpendicu- 
lar to the field. 

It follows from above that the observed force on moving charges 
such as those in a coil of wire can be used to determine the direc- 
tion of an unknown field. This direction as observed by a current in 
a loop of wire will be the same as the direction indicated by a com- 
pass needle at all points which are accessible for actual observation. 
To cover hypothetical cases where the two directions might be dif- 
ferent, the direction of B is by definition taken to be the direction as 
indicated by moving charges. This means that both the magnitude 
and the direction of the flux density B are ultimately defined in 
terms of the force it will exert on a moving charge, and without any 
necessary reference to magnets as such. 


204. Torque on a Flat Coil in a Uniform Magnetic Field. For a 
rectangular coil with vertical sides placed in a horizontal field as Fig. 203-2 


shown in Fig. 203-1, the torque about a vertical axis can be com- 

puted easily. This torque will depend upon the angular position of the coil relative to its equi- 
librium position, and we shall compute it for an angular position 6 as shown in Fig. 203-2. Let 
L represent the length of a verical side of the coil and I the current in the coil. The horizontal 
force F on either side of the coil will then be given by the equation. 


F= BIL (204-1) 


The lever arm of either force about the axis A in Fig. 203-2 will be equal to half of the width of 
the coil times the sine of the angle 9. The torque L, of either force will therefore be given by 


L, = BIL(w/2) sin@ (204-2) 


Both torques act around the axis in the same direction, and hence the total torque L will be equal 
to 2L,. Thus we may write 


L = BlLw siné. (204-3) 


This equation gives the torque on a coil having only one turn of wire. For a coil having N turns, 
the torque will be N times as great. 

The product Lw in Eq. (204-3) is the area A of the coil. Thus the equation may also be 
written 


L = BIA siné@. (204-4) 


205. Torque on any Flat Coil in a Magnetic Field. The equations of the preceding section 


were derived for a rectangular coil with vertical sides in a horizontal field. By considering any 
flat coil to be equivalent to an infinitely large number of very small rectangular coils, it can be 
shown that Eq. (204-4) is a general equation that will apply to any flat coil. In the general appli- 
cation of this equation, 9 is the angular displacement of the plane of the coil away from the equi- 
librium position. The torque on the coil will be in the direction which tends to decrease this 


angular displacement 6. 
206. Motion of a Charge in a Magnetic Field. The magnetic field which exerts a side-wise 


force on a current-carrying wire will also exert a similar force on any moving charge. For ex- 
ample let us suppose that a positively charged particle is shot like a bullet horizontally to the 
east through a magnetic field which is directed upward. The moving charge is equivalent to a 
current directed east. It will accordingly experience a deflecting force to the south just as an 
equivalent current would experience a sidewise force to the south. 
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In general, the direction of the force on any charge moving in a di "ie 
Considering the charge as an equivalent current. A negative ee i ants ive a ty v is 
equivalent to a positive current moving in the opposite paleo en acest oe hes arge moy. 
ing east through an upward field will experience a northward deflecting ais 
Moving to the west, 

The magnitude of the sidewise force on a charge q moving with a velocity v in a field B jg 
Given by the equation 

F = qvB sing (206-1) 


where ¢ is the angle between Band v. This equation is the same as Eq. (201-4) except that the 
product qv seers instead of the product IL. This is consistent because ge must be a body 
of charge moving with a certain velocity in a wire if there is a current along the wire. (See Ap- 
pendix B) 

Since the force of a magnetic field on a freely moving charge is always perpendicular to itg 
velocity, it will deflect the charge sidewise without changing its speed. This Continuous side- 
wise deflection with a constant speed gives uniform motion in a spiral path, with the sidewise 
force of the field acting as the centripetal force. If the charge is originally moving perpendicy- 
lar to the field, the path will bel closed elveie in a plane perpendicular to the field. For ex- 
ample, a positively charged particle initially moving to the east through an upward magnetic field 
will swing around to the south in a horizontal circular path. When it is moving south, it will be 
deflected west, and so on. Thus it will move in a horizontal circle ‘in a clockwise direction as 
viewed from above. 

The curvature of the path of a charge moving in a magnetic field depends upon the flux 
density of the field, and on the nature and the speed of the particle. If a particle having a charge 
q and a mass m is moving with a velocity v perpendicular to a field B, the centripetal force wij] 
be qvB. This must be equal to the product of the mass times the centripetal acceleration v/r, 
where r is the radius of the resulting circular path. Hence we may write 


m © = qvB (206-2) 


or r =mv/qB z (206-3) 


If a charged particle has a velocity which is not perpendicular to the magnetic field, the 
curvature of the resulting spiral path can be found by resolving the motion into two components, 
The component of the motion perpendicular to the field will be a circular motion obeying Eq. 
(206-3). The component of the motion parallel to the field will be unaffected by the field since 
there is no force on a charge moving parallel to the field. Thus there will be a circular motion 
perpendicular to the field superimposed on a constant velocity in a direction parallel to the field. 
The resulting motion will be along a cylindrical spiral with the axis of the spiral parallel to the 
field. 
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Chapter 21 


VECTOR COMBINATIONS OF MAGNETIC FIELDS 


210. Resultant of Several Magnus Fields, If two or more magnetic fields are superimposed 
at the same point, the component fields cannot be observed as such. Any measurement of mag- 
nitude or direction will give only one observed value for the field at a given point. If several 
fields are acting simultaneously, the observed field is found to be the resultant of the several 
fields, added as vectors, For example, suppose the 
wostward field By, of a magnet is superimposed on the 
northward field Bg of the earth at a point P, as shown 
in Fig. 210. A compass needle placed at P will then 
point in the direction of the resultant field B, and will 
not detect the separate components. 

It follows from above that the magnitudes of two 
superimposed fields can be compared if their direc- 
tions are known and if the direction of their resultant 
is observed by a compass. Thus if the directions of 
By and By, are known in Fig. 210, and if the direction 
of the resultant B is observed, the ratio of By, to Be Fig. 210 
will be given by the equation 


Bm/Be = tan 6. (210) 
211. Resolution of a Magnetic Field into Components. It follows from the vector nature of 


flux density that one given field can be resolved into two components. For example, consider 
the earth’s field B at a point where it is directed down into the earth, making 
an angle of dip ¢ with the horizontal as shown in Fig. 211. B will then have a 
vertical component B, equal to B sin @ and a horizontal component B, equal 
to Bcos ¢. The effect of B in any situation will thus be the same as the ef- 
fect that would be produced by two independent fields B, and B, acting si- 
multaneously. 

In using a compass, it must be remembered that a vertical field has no 
effect in rotating a horizontal needle in a horizontal plane. Hence the effect 
of any field on a horizontal compass will be the effect of its horizontal com- B BY 
ponent only. For this reason the magnitude of the earth’s field is generally 
given in terms of its horizontal component. The flux density of the horizontal 
component of the earth’s field in the United States varies from about .27 
gauss in the southern part to about .16 gauss in the northern part. 


Fig. 211 


. ® The earth's field may be expressed either in terms of its flux density B, or in terms of a 
corresponding magnetic intensity H. (See footnote, p. 87). When it is expressed in terms of the 
latter, it is usually given in terms of a unit called the “oersted”. Any such data expressed in 
oersteds can easily be expressed in terms of the corresponding flux density B by remembering 
that the flux density in gauss for any point in empty space is numerically equal to the field in- 
tensity in oersteds. For example, if the earth's field at a given point is stated to have an 
intensity of .18 oersteds, it will also have a flux density of .18 gauss in the same direction. 


4 
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Chapter 22 


MAGNETIC FLUX 


220. Lines of Magnetic Flux Density. The cnnigeatie “3 ee eeareuiicn pen te tg 
represented by continuous geometrical lines drawn so thal 
f B at all points, the line 
direction of B. To represent the magnitude as well as direction 0! 5 are 
drawn close enough ident so that the number of lines through a unit perpendicular area jg 


qual to the number of units in the value of B at 
that point. These lines are referred to as lines 
of flux, Dlustrative lines of flux are drawn in 
Fig. 220-1 to show the direction of B at points 
near the north poles of two bar magnets. These 
magnets are the same size but have different 
Strengths. Note that the patterns of the two 
fields are Similar, but the lines from the second’ 
magnet are spaced closer together to indicate 
larger values of B in the region near its pole. 
For either magnet, the crowding of the lines in- 
creases as we approach the pole, just as the 
value of B increases. 

‘ It will also be noted that the pattern of the 
ines of flux is just like the ern of lines of 
force from the aes pole apache: (See Sect. 193). This of course must be true because the 
direction of a magnetic field as determined by a compass is the same as the direction of the 

flux density B as determined by a current carrying coil (See Sect. 203). 

The total number of lines of flux that must be drawn through an area A to represent the flux 
density B in that region will depend on the units in which B and A are expressed. For example, 
if B has a value of 50 mks units directed ver- 
tically up as indicated in Fig. 220-2, it will re- 
quire 50 vertical lines per unit area through the 
horizontal surface APQD. If APQD has an area 
of four meters, it will therefore require 200 
lines through the whole area. If we wish to find 
the number of lines passing through an area which 
is not perpendicular to B, then we multiply the 
numerical value of B by the perpendicular com- 
Ponent of the area as seen looking along the di- 
rection of B. 


221. The Definition of Magnetic Flux. If 
lines of Fig. 220-2 


flux are drawn through a given area so 
that the number of lines per unit area represents 
B, then the total number of lines through the whole area represents another quantity of great im- 
portance. This quantity is referred to as the magnetic flux through the area involved. Repre- 
sented by the symbol 9, the magnetic flux through an area is defined by the equation 


= BA, (221) 


where A, is the perpendicular component of the area as seen looking along the lines B, “For an 
example, let us refer again to Fig. 220-2, If B is equal to 50 mks units as represented by 50 
lines of flux per unit area, then @ = (50 units of B) x (4 units of area) = 200 units of flux. These . 
200 units of magnetic flux correspond to the 200 lines which pass through the area, 


Fig. 220-1 
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222. Units of Magnetic Flux. According to the definition @ = BA, , the amount of magnetic 
flux through an area of 1 square meter at a point where B is 1 practical unit will be given by the 
equation 

@ = (1 mks unit of B) x1 m*) (222-1) 


This amount of flux is taken as the mks unit of flux, and is called a weber. Hence we may 
write 


1 weber = (1 mks unit of B) x (1 m*) (222-2) 
This equation may also be written 
\y, 1 weber = 
(1 mks unit of B) a (222-3) 


Thus it is that the mks unit of flux density is commonly referred to as a weber/m*. It will be 
recalled that the practical unit of B can also be written as 1 newton per ampere-meter. In other 
words, it follows from the definition of a weber that 

1 newt _, weber (222-4) 


amp-m ~! av. 
The weber, abbreviated web, is an inconveniently large unit for many calculations, and in 
such cases the microweber may be used where 


1 microweb = 10 web. (222-5) 


Because the number of lines of flux through an area represents the number of units of flux, the 
word “line” is often used as a universal synonym for a unit of 
flux. The exact meaning of the word will depend on the unit 
which is implied. Thus a “line” of flux may mean either a 
weber or a microweber, depending on which unit is used to ex- 
press the flux. 

The association of units of flux with lines of flux permits 
a picture of the relationship between a microweber and a weber. 
Thus if we think of a microweber as one thin line of flux, we 
may think of a weber as a thicker line of flux containing 1 of 
the thinner lines, just as a large rope is made of many thimner 
strands. (See Fig. 222). 


Fig. 222 


Chapter 23 
MAGNETIC FIELDS DUE TO CURRENTS 


230. An electri etic field in the surrounding space. For 
See ee Pe on ees ines of force forming closed circles 


example, a current flowing in a straight wire will produce 1 
about the current as shown in Fig. 230-1. The 
existence of this field can be verified by holding 1 
a Compass needle at various points around the Pel al 
wire. The magnetic lines of force around a wire 
can also be demonstrated by using iron filings on 
a horizontal plate as shown in Fig. 230-2. 
There the current carrying wire passes verti- 
cally through a hole in the plate. The direction 
of the lines of force around the wire in any case “ 
is the direction in which a right-hand screw 
would have to rotate to advance in the direction ee 
of the current, as indicated in the above figures. 
When a long current-carrying wire pro- 
duces a field B at any point P, each short seg- 
ment of the wire contributes a part to the total q 


Fig. 230-1 


field at P. The contribution dB of any particular segment 
having a length dL depends on a number of factors: It is in- 
versely proportional to the square of the distance r from 
the segment to the point P. It is directly proportional to the 
length dL of the segment and to the amount of current I 
flowing in the segment. It is directly proportional to the 
sine of the angle 6 between the direction of the current and 
the direction of a line drawn from the segment to the point 
P, as shown in Fig. 230-3. Taking all of these factors into 
account, we may write 


_ Ho idL sind 
eB: 7-3 (230-1) J 
where 4, is a factor of proportionality that can be deter- 
mined by experiment. 

Any segment to which Eq. (230) can be applied directly 
must be short enough so that 9 and r are the same for all 
parts of the segment. Ordinarily this requires that any ac- 
tual wire must be divided intoa very large number ofin- = = = 
finitely small segments. In that case the computation can- 
not be made without using calculus. Segments of appreci- 
ably length can be handled directly by Eq. (230-2) without 
calculus only if the wire is arranged so that r and @ are the 
same for all parts of the segment. 

The lines of force representing the contribution of dL 
to the total field will be circles perpendicular to and cen- 
tered on a straight line extended along dL. The direction 
of these circles around the extension of dL follows the 
right-hand screw rule as may be seen by comparing Fig. a 
230-3 to Fig. 230-2. In other words, the field at any point paisa bovos 
due to a short segment of wire (Fig. 230-3) is in the same Fig. 230-3 


Fig. 230-2 
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ion as the field due to a long straight wire (Fig. 230-2) of which the segment would be a 
The numerical value of }, will depend upon the units in which it is expressed, and these in 
will be determined by the units in which the other quantities are given in Eq. (230-1). 

The value of the proportionality factor yz, as it is defined by Eq. (230-1) determines how 
much flux density B will be established in empty space by a given current. It is therefore re- 
ferred to as the “magnetic” permeability of empty space. Its numerical value for empty space 
is 1.26 X 10~ in mks units, and the value for air is the same through three digits. The numeri- 
cal factor 4m has been arbitrarily included along with y o in Eq. (230-1) for reasons that appear 
in more advanced equations. For convenience here, the factor “,/4m will be represented by a 
single symbol b in some of the following discussions. 


231. The Magnetic Field of a Flat Circular Arc. If the wire of Fig. 230-1 is bent intoa 
horizontal circular loop about a center P as shown in Fig. 
931-1 all parts of the circular loop of wire will cooperate 
equally to produce a strong resultant downward field at the 
center point P. 
The resultant field at the center can be computed by P : 
considering the arc to be made up of segments as indi- 
cated in Fig. 230-2. The field dB, due to any one segment 
dL, will be given by Eq. (230-1). The distance r, is perpen- B 
dicular to dL, , and hence sin@ is unity. Thus 


direct 
rt. 
turn 


dB, =b ee (231-1) Fig. 231-1 
1 

All the segments will contribute fields at P which are in the same 

direction, and hence the total field B may be found by simply add- 

ing the fields from the individual segments. Thus we may write 


IdL IdL, IdL, 
B= b—— +b— + ~~ - 
= = * (231-2) 
with enough added terms to include one for each segment. Now b, al 
I, and r the same for all segments, and we may factor them out to 


give 
B= b+; (dL, + dl, + dl, +...) (231-3) 
Fig. 231-2 
‘The sum of the lengths of all the separate segments is the total length L of the wire, and hence 


IL 
B=b 7 (231-4) 
Equation (231-4) above may be written in a slightly different form by substituting 27Nr for 
L, where N is the number of turns in the coil. This substitution gives 


B=» 2 (231-5) 


Both Eqs. (231-4) and (231-5) apply to a piece of wire coiled around in the arc of a circle even 
if there is less than one full turn. In that case the N of Eq. (231-5) will be a fraction of a turn. 

Note that Eq. (231-5) gives the flux density at the center of the coil only. There is no sim- 
ple formula for computing the flux density at other points, but the general configuration of the 
lines of force about a coil can be found by a compass or by iron filings. Fig. 231-3 shows the 
lines of force in a plane perpendicular to the plane of a circular coil. Note that for any point 
on the axis of the coil, the magnetic field will be directed along the axis. 
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tela ae Magnetic Field of a Current ina Straight Wire, The r 

due to a current flowing ina straight piece of wire can a 
= Computed indirectly by the general equation given in Sect. oS 
ie ‘a diene : meas ores “Th vadanite of 

erent segments of the wire, e a on o! 

the separate terms from the various segments is somewhat c YO a UO 
More complicated in this case than it was for a circular arc, 
because each Segment will have a different value of r and a 


different value of 6. However the summation can be per- >) aa 
formed by calculus to give a relatively simple expression 
for the total field. It can be shown! that a current I ina Fig. 231-3 


Straight wire AD as shown in Fig. 232 will produce a field at 
& point P given by the equation 


Be vt (cos 6, + cos @ ,) (232-1) 


Here R is the perpendicular distance from the point P to the wire, and 0, D 
and @, are angles as indicated. If the wire extends in both directions for 4 
distances large compared to R, the two angles @, and 6, will approach 7*@ 
zero and the expression for B approaches ar 


p=. 2 (232-2) \ I 


According to Sect. 230, each segment of the wire AD in Fig. 282 con- \e4 
tributes a field at P which is tangent to a circle about AD as an axis. N 
Hence the total field at P will be the simple sum of the separate fields A 
from all the segments. The resultant field at P for the whole wire AD 
will thus be directed out from the plane of the paper according to the 
right-hand rule. 

Many actual arrangements of wires can be considered as combina- Fig. 232 
tions of straight pieces of wire. In that case the total flux density at any 
point can be computed by a vector addition of the fields for the straight portions taken separate- 
ly. For example, the field at any point due to a rectangular coil will be the resultant of the four 
fields from the four straight sides of the coil. 


233. The Magnetic Field of a Solenoid. A solenoid is a cylindrical coil of wire made by 
winding a long piece of wire in a closely wound spiral around an insulating cylinder. The flux 
density at a point inside the solenoid will be greater than that due to any one turn, because the 
turns extending in both directions from P will all cooperate to produce an additive effect. As 
might be expected from this, the more closely the turns are crowded on the spiral, the greater 
will be the flux density inside the solenoid. It is found that if n is the number of turns per unit 
length of the solenoid, the flux density B at a point P inside the solenoid be given approximately 
by the equation 


B=b anut = Hal (233) 


This approximation will be close provided the distance from P to either end of the solenoid is 
large compared to the diameter of the solenoid. For example, if the distance from P to the 
nearest end is more than five times the diameter, the error in using Eq. 233 will be less than 
1%. Also when the point P is relatively far from either end, the flux density will be uniform 
over the entire cross-section of the solenoid, and parallel to its axis. 

For a point on the axis at one end of a long solenoid, the field is one-half of the value given 
by Eq. (233). This follows because the flux-producing turns extend in only one direction from 


1, See Appendix C. 


13 


ne point in question, instead of extending symmetrically in both 


girections. Since the field at the end of a solenoid ta less than 
it is at the center, some of the lines of flux which pass through ‘ 
the center must diverge out through the sides of the solenoid be- ITED 


fore they reach the ends as shown in Fig, 233, The actual con- 
figuration of the lines of flux in and around a solenoid may be 
determined experimentally by a small compass or by using tron 
filings. The direction of the field in a solenoid may be found by 
the right hand rule as applied to any one turn, 


234, Summary of Equations for Computing Fields Due to 
currents. The equations given above for computing the fields due to currents in various geo- 


metrical arrangements may be summarized as follows. Here the b is replaced by Mo/47 , a8 
given originally in Eq. (230-1) 


Fig, 233 


General Equation _- GBs Ho IdL sin 6 (234-1) 
47 3 

At the center of a circular coil B= Ug a (234-2) 
Beside a long wire B= Hom ( 

Ink (234-3) 
Beside a wire of finite length Bs a i (cos 6, +cos 9,) (234-4) 
Inside a long solenoid having Beu NI 
N turns in a length L OL (234-5) 


The units will balance in these equations with B in web/m?, I in amperes, and all distances in 
meters, where 


eS ~s Web per m? 
Ho = 1.26 x 10 aimp perma (234-6) 


235. Equivalence of Coils and Magnets. The configuration of the field of a solenoid is sim- 
ilar to that of a bar magnet, as may be seen by comparing Fig. 233 above with Fig. 193-4 of 
Chap. 19. As might be expected from this, it is found that a current carrying solenoid will ex- 
hibit the characteristic properties of a bar magnet. A north “pole” will be observed at the end 
of the solenoid from which the lines of force diverge, and a south pole at the other end. These 
poles will exert attractive and repulsive forces on the poles of a magnet according to the usual 
rule that like poles repel and unlike poles attract, Bits of iron will be attracted to the ends of 
the solenoid but not to the middle. Suspended horizontally in the earth’s field, the solenoid will 
tend to turn its north pole to the north, like a compass needle. 

A flat coil is equivalent to an extremely short solenoid, and it acts like a very short bar 
magnet having a length which is less than its diameter as shown in Fig. 235. Placed in a mag- 
netic field, such a magnet would tend to turn its north pole face 


in the direction of the field, So also a flat coil placed in a mag- x 
netic field tends to turn so that the face from which the i) 
B B 


Fig. 235 


a 
to turn until the 


Vien Wverde tain the divection at (he Held, Thin means that the eat will tend a bs 
(WO AE Ot tee ty (he MAME dirertion an the fed in which It ie placed, nara & an 
Yhe MUWTAPHLY Detwoon The hehaviar of colle and maynota will be rete 
CU THe Cleary af magnet id mutertals, 
, Ma wtraight wire carries a current 


AAA, Heaultant Phuc of a Cur 
Wer pendttoutan ta Tate cats aie or feaeueran will be i apeettlge asso re 
The mLCMLANE Hie af (he unttani Meld, Phta wituation to iiluetrated in Vig. 26a, 
HWW Held te diveotod Viward, and (he wire ta shown in 
Ove ae tlan With (he cuienent moving loward you, The 


Femultant Cott te ahown in ig, adh, On the right aide 
wf the wite the two Clolide wid logether to give a relae 
tively atrong reaultant, There the Hines of Mua are 
mwced Cloner together, On the left wide of the wire, 
the two Component Celie Oppose each other, and the a 
Vemultant Meld ta relat Ively wenk, . 
Fo. 8960 eumqeonta a dimple rule for finding the 


Airot tan Of the force of A magnetic fleld on a current, 

The force will alwaya be away from the side where 

the Pemultant fleld ta at rong. ‘This rule is consistent 236b 
with (he rule given in Sect, 200, Vig. 2368 Fig: 


Chapter 24 
FORCES BETWEEN ADJACENT WIRES 


240, Forces between Parallel Wires, Electric currents flowing in adjacent pieces of wire 
will exert mutual forces on each other, For example, if two currents flow in the same direction 


through parallel wires, the wires will attract each other, If the currents flow in opposite direc- 


Mons, the wires will repel each other, 

An equation for the force between two long 
atralght parallel wires a distance R apart can be 
derived easily, Let us label the parallel wires 
A and X respectively as indicated in cross-sec- 
tion in Fig, 240. Assuming that the current is 
flowing away from the observer In each wire, the @ )) 
lines of flux due to the first wire A will be clock- 
wise circles about the wire as shown, Thua the 
field due to A will act downward at X to produce 
a sidewise force on X, According to Sect. 292, 
this field at X due to A will be given by the equa- 


tion 
Beb i (240) 
201, the force of this field on any 


Fig. 240 


where I, ia the current inthe wire A, Then according to Sect. 
vegment of X of length L will be given by the equation 
F = BLL (241) 


where J, is the current Inthe wire X, Substituting the value of B from Eq. 240 in Eq. 241 gives 
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Fab (242) 


The right hand rule (Sect. 200) shows that this sidewise force on X will be directed towards the 
first wire A. 

If the action between the two currents is considered by taking the currents into account in 
the reverse order, the same expression (Eq. 242) will be obtained. In other words, the two 
wires will attract each other with equal and opposite forces, in agreement with the law of reac- 
tion. 

Eq. 242 will also give the force between two parallel wires with currents in opposite direc- 
tions. For example, if the current in the wire X of Fig. 240 is reversed, the magnitude of the 
sidewise force on X will be the same, but it will be directed away from A. Thus two parallel 
currents in opposite directions will repel each other. 


241. Watt-meters. The force of one current on another makes possible the construction of 
a moving coil wattmeter that will give a direct indication of the amount of power expended ina 
conducting path. The wattmeter is constructed like a moving-coil current meter (Sect. 94) ex- 
cept that the magnetic field in which the moving-coil turns is furnished by a fixed-coil instead 
of a magnet. The deflecting torque will be proportional to the current I, in the moving coil and 
to the field B produced by the fixed coil. The field B will in turn. be proportional to the current 
I, in the fixed coil. Thus the torque will be proportional to the product I,L,. 

To use a wattmeter for measuring the power expended in a given path, the fixed coil is con- 
nected in series with the path. At the same time the moving coil is connected in parallel just as 
a voltmeter would be connected to measure potential difference. The current L, in the moving 
coil will then be proportional to the difference in potential V across the path, while the current 
I, will be the current through the path. Thus the deflecting torque, which is proportional to ba i 
will also be proportional to the power IV in the path. Commercial wattmeters are usually pro- 
vided with two pairs of terminals, one for each coil. The scale may be marked to read directly 
in watts by properly spacing the divisions marks at different intervals on different parts of the 
scale. 


Chapter 25 


ELECTROMAGNETIC INDUCTION 


250. Early in the nineteenth century it was discovered by Faraday in England and by Henry 
in America that an electromotive force could be induced-in a coil by changing the amount of 
magnetic flux through the coil. For example, if a flat coil is moved in the field of a magnet in 
such a way that there is an increase or a decrease in the number of lines flux through the plane 
of the coil, an emf will act around the coil. This emf depends only on the rate of change of the 
flux, and acts only while the flux is changing. A constant amount of flux through a coil will not 
produce an emf, no matter how much flux there may be. Emfs produced by the action of a 
magnetic field are called induced emfs, and the process is called electromagnetic induction. 

One of the ways of changing the flux through a coil of wire is to rotate the coil in a mag- 
netic field, and the production of emfs by the rotation of coils in strong magnetic fields is one 
of the most important of all our industrial processes today. The devices for accomplishing this 
are known as generators or dynamos. They range in size from the huge turbine driven genera- 
tors of our power plants down to the small generators which are a part of the electrical systems 
of present day motor cars. 
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251. The General Equation for Induced Emfa, As stated in Sect. 250, there will be an emt 
induced in any circuit when the amount of flux changes inthe circuit, There are many ways in 
which the flux through a circuit can be changed, but there is one general relationship which holdy 
for all, In every case, the induced emf E is found to be equal to the rate of change of the flux 
through the circuit according to the equation 


act 251- 

nea (281-1) 
Here d@ is the change in flux which occurs in a very short time dt, so that d@/dt 19 the instan- 
taneous rate of change. If the flux changes from a value 9, to a value ®, in a time t, the aver- 
age emf will be equal to the average rate of change of flux as given by the equation 


E« ~ Pf (261-2) 


The negative signs in these equations are needed to indicate the direction of the induced emf. 
One direction around a circuit must arbitrarily be chosen as positive, and any flux is then con- 
sidered positive if it passes through the circuit so that the right 
hand screw relationship holds between the positive direction +@ 
around the circuit and the positive direction through the circuit, 
as illustrated in Fig. 251. 

If the same amount of flux passes through each turn of a coil 
having N turns, Eq. (251-2) will give the emf induced in each +1 ORE 
turn. The emfs in the several turns will add together in series, 
so that the total emf in the coil will be N times the emf in each 
turn. 
Equations (251-1) and (251-2) imply that an emf can be ex- 
pressed in terms of a unit of flux divided by a unit of time. Fig. 251 
Consistent with this, we can show that a weber per second is 
equivalent to a volt as follows: Starting with Eq. (222-4) we see that 


4 
newt-m _ 251- 
1 Snap 1 weber ( 3) 


Hence 


1 weber 2 newt m (251-4) 
sec amp sec 


= 1 doule = 1 volt 


Since a weber per second is equal to a volt, we can write 


E = number of volts 
E=-—— +A® = number of webers (251-5) 
t = number of seconds 


252. Emf Induced by the Relative Motion of a Magnet and a Coil. If a bar magnet is inserted 


. 252(b), the 
in a coil starting from the position shown in Fig. 252(a) and ending as shown in Fig. 252(b), 
final flux , through the coil will be much larger than the initial flux®,. If this change occurs 
in a time t, the average emf acting around in each turn of the coil during this time will be given 
by the general equation 


. 


TT 


me e with & coil as 

series “phe meter will a) 
showiye a negative emf N\ 
ne the flux through 

i coil is being in- 

th sed. If the magnet 

then removed from (a) (b) 

the coil, the meter will Fig. 252 


indicate & positive emf 
nile the flux is being removed. If the magnet is allowed to remain at rest in the coil as shown 


in Fig. 252-b, no induced emf is observed because the amount of flux through the coil remains 
constant. 

The above example of induction also illustrates an alternative way of specifying the direc- 
tion of an induced emf. This general law states that an induced current is always in a direction 
to neutralize the change in flux that causes the current. Thus when lines of flux to the right are 
added by inserting the magnet in Fig. 252(a) the induced current in the coil will produce lines of 
flux to the left to neutralize those that were inserted. When lines of flux to the right are re- 
moved by removing the magnet, the induced emf tends to establish a current to replace the lines 
that are removed. In other words, the induced current is always in a direction that tends to 
keep the total flux through the coil constant. 


253. Emf Induced by Relative Motion of Two Coils. If a solenoid carrying a current were 
substituted for the magnet NS in Fig. 252, the situation would not be appreciably different as far 
as the induction of an emf by relative motion was concerned. This is true because the magnetic 
field of a solenoid is similar to the magnetic field of a bar magnet, as explained in Sect. 235. 


254. Emf Induced by a Changing Current in a Nearby Coil. If two coils are placed close to- 


gether, it may be that a current in the one Coil will produce lines of flux which pass through the 
other. In that case, the amount of flux through the second coil 

will change whenever the current in the first coil changes, and an A c D 

emf will be induced in the second coil. For example, if a solenoid 

AB with a current I, is placed inside a coil CD as shown in Fig. 

254, the flux in the solenoid due to I, will pass through the coil 

CD. An emf will be induced in the outer coil whenever the cur- B 
rent I, in the solenoid increases or decreases but no emf will be 

induced by a constant amount of flux due to a constant current. Fig. 254 
According to the rules given above, the emf induced by an in- 

creasing current in the solenoid will be in a direction opposite to the current, and that induced 
by a decreasing current will be in the same direction as the current. 


255. Emf Induced by Rotating a Coil in a Magnetic Field. If a flat coil is rotated in a mag- 
netic field so that the amount of flux through the coil changes, there will be an induced emf in 
the coil. If the coil is turned from a position perpendicular to the field to a position parallel to 
the field, the flux will change from some maximum value @, to zero. If the coil is turned from 
one perpendicular position to another one where the flux is passing through in the opposite direc- 
tion, the flux will change from + @, to - @. The total change in flux will then be -29,. 

Note that if a flat coil is moved through the uniform earth’s field without changing the angle 
‘between the plane of the coll and the field, there will he no indured amet beeanse = total_number 
of Mises Cheon to ee oie Same lines may not pass through the coil in dif- 
‘ferent positions as the co 's way, but the total number will be constant if the coil 


is moved without rotation. 
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734 Nictional Emf. Wa com@ector sech as a piece of wire is moved through a magnetic 
Lid. there wal be a so-called motional emf induced through the conductor in a direction whic, 
is perpendicelar to the field amd to the direction of the motion. This motional emf acts in one 
Eives directice, and beace is somewhat different from the circulatory emf induced in a ciresy 
general principles apply to bot, 
motional emf. 


when the Mux changes im the circa. However many of the same 

types of emf, amd some of these principles can best be illustrated by 
A motional emf can be explained im terms of the effect 

of a magnetic field om moving charges, as discessed in Sect. 

208. Let us consider a piece of wire CD which extends north 

and south, and which is being moved sidewars to the east 

through a vertical field as showe in Fig. 256-1. There are 

both positive and negative charges in the wire, and these 

charges will be carried with the wire as it mores. If the 

Wire is moved to the east wh a velocity v, a southward 

force F will act on any positive charge q in the wire accord- 

ing to the equation F = qvB from Sect. 206. This force teads 

theca Posive charges along the wire from C to D and 


ia sc As indicated, the wire CD may be made to slide 
tr awe Sides of a stationary U-shaped piece of metal. 
aa out E imiured from C to D in the moving wire will then pro- 
s = 2 carrest I around im the circu CDGC. E a carrent I flows 
im the direction of the emf as imticated, the energy W expended by 


According to the principle of conservation of energy this mechanical work done must be equal 
bined to che 1 SBTEY which is produced in the emf, so that Eqs. 256-1 and 256 9 at boty 
ER = BILS (256-3) 
An expression for the of the emf be & 
ann : magnitude may be obtained from Eq (256-3) by canceling 


Pe | 


E = BLS/*. as-o 
Also since S/t is the velocity with which the wire is moving, we may write 
E- Bly ouw-> 


that the emf is proportional to the velocity. 

Note that the same emf will be induced whether a current flows or sot, buf the amount of 
force required to keep the wire moving with a constant velocity depends om the current. E a 
current flows, no force will be needed to maintain motion, no mectanical work will be dome. and 
no energy will be expended by the emf. 

The rotation of certain types of commercial generators amounts to carrying the sides of Es 
coils crossways through a magnetic field. The emf im this case cas be comsidered ¢Rher 2s 2 
motional emf, or as a circulating emf induced by the change im Mux through the rotating cods. 
In other words, equations 256-5 and 251-1 both apply equally weil. 


257. Motional Emf and Magnetic Flux. When a wire moves a 
field with a constant velocity as shown in Fig. inition 
“cuts” the lines of magnetic flux like a swinging scythe cuts stalks of grass. Thus we muy 527 
that an emf is induced whenever a wire moves so as to cut lines of Mux. Since the maguifudte of 
the emf is proportional to v, it is also then proportional to the aumber of limes of fax cut per 
second. 

As the wire of Fig. 256-2 moves to include more area im the circuit CDGC, & will also &- 
clude more flux. If the wire of length L moves a distance S, the area added to the circut will be 
LS. Thus Eq. (256-4) may be written in the form 


E- B (added area of cireuit) 
. t @ST-1) 


Now the product of B and the added area will be the added flux imchuied m the circuit. This 
added flux may be written as the difference between the total fimal flux @, and the orginal flax @. 
so that 


= = $2 ~@, 
. t @sT-2) 
This is the same as the general equation for an emf induced im 2 circuit as given im Sect. 251. 
258. Lenz’s Law is a general law that applies to all cases where an emf is induced by me—- 
chanical motion. It states that|the direction of indeed by mechamical motion is in 2 
direction to give a force that will oppose the motionj This law applies when a z enf is 
nduced in a moving conductor (Sect. 256). It also applies when an emf is induced by relative mo- 
tion between a coil and a magnet or between two coils (Sects. 252 and 253). For cases where & 
applies it agrees with other rules previously given for the direction of the imdeced emf. 
Lenz’s law may be deduced from the principle of the comservation of emergy. HE am indac]ed 
emf drives a current, it expends energy. This energy comes from mechanical motion, and hear]e 
there must be an opposing force against which work can be dome when the motion occurs. 


259. Eddy Currents. Circulating currents can be induced im the material of 2 comincting 
body by changes in flux. For example, suppose a solid metal disk D is rotating clockwise about 
a horizontal axis A, with a fixed pole of a magnet placed so that its limes of force pass horimon- 
tally through the lower part of the disk. The region where the limes of magmatic flux B come 
through the disk is indicated by dots on Fig. 259. Since the disk is made of ome solid piece of 
metal, any closed path such as P or Q marked on the metal will comstitute a closed com@acting 
path around which charges may flow. Note that as the circuit Q moves, the mmber af limes af 
flux coming out through it will increase, and hence there will be a circular flow of charge aroma 
in the metal of the disk as indicated by the arrow tips. Similarly, the mumber of limes comitz 
out through P will decrease as it moves, and the induced current will flow around im this circa 
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in the Opposite direction. It follows that as the disk vais | 
there will always be charges flowing up through the magne - 
field B from the edge of the disk to the center. Since a a 
rent is flowing Up through a magnetic field which is directe 
out from the drawing, the field will exert a force on the 
charges to the right, thereby tending to keep the disk from 
Yotating, 

Currents which circulate around in a solid mass of 
ot like those described in the above example are called 
eddy currents, In general, eddy currents will be induced in 
8 solid piece of metal whenever there is relative motion be~ 
tween the metal and a non-uniform magnetic field, Note that 
if the field in the above illustration had been equally strong 
everywhere, the total number of lines through a circuit such 
2S Q would be the same for all positions of Q, and no emf Fig. 259 
would be induced as the disk moved. Whenever eddy nse 
rents are induced relative motion,the resulting curren , rk 
flow will be such pr tend to prevent the relative motion, ens beeen metal is 

Eddy currents may also be induced in a solid piece of metal withou 
placed in qa m. 


agnetic field which increases or decreases in magnitude. 


Chapter 26 


MEASUREMENT OF FLUX BY INDUCTION 
251, the average emf in- 


260. Flow of Charge with an Induced Emf. As explained in Sect. 
duced in a coll of N turns by a change betoiron 9, to ®, is given (without regard to sign) by 
E = N(@, - %,)/t (1) 
If the ends of the coil are connected 


where t is the time re uired for the change in flux to occur. 
< d circuit having a total resistance R, the average cur- 


through a Conducting path to form a close 
rent flowing will be given by 
I= E/R = N(@, - d,)/Rt. (2) 


Multiplying both Sides of the equation by t gives 
It = N(P, - $,)/R. (3) 
Since the average current I multiplied by the time gives the total charge Q which has passed 


any point in the circuit, we may write 
(4) 


Q= N(O, -$,)/R 

This equation shows that the charge is proportional to the change in flux, and independent of the 
amount of time required to make the change. 

261. Ballistic Galvanometer. If a steady current is started through a moving coil galvanom- 
eter, there will be a small lapse of time before the coil will reach the deflection which corres- 
delay in this response is due largely to the inertia of the coil. For 
the same reason a deflected meter will return some what slowly to its zero position after the 
current has been stopped. If a momentary current is sent through a galvanometer, the deflection 
may never catch up with the current while it lasts, and may persist for a while after the current 


1 
bes stepped, Thus Ge meemsuriing currents af stort decacinn, a mreing—cel) meter ts eect ve 
altfougi 2 gabacemeter meg Of asedess gs yp curTent—-mensuming Gewice when the corren 
Rests oniy fir @ sfhurct Gime, Ghere us ome conifer uniier which f mes be sete i ap entirely 
@iffecent wae. E Se Dre of current lasts auch 2 short time Gat fh hes stopped compbetety bedore 


acoumd anti & os sOrmwed amf returmnt Qe the cestoring torque of the suspemsicn. The maximum 
d@effectiom remitted 8y the Soweiy seme cn 2s then prqpertianal tp the tte) charge that passed 
through the gamer. Ths 2 gamer com be used tp mensure Charge # the charge 


a2. Fies-meters. The Sie Sram? & coll com be meesured by comecting the coil in series 
with 2 ballistic ebro], es She Pee: She Ge gic ty from te coll. BE the fix is 
remowed quickiy emrumh so Gat Ste ceremonies: respons 2s 2 beistic eebvenomster, the re- 
siting mame: detec wil 2e germinal] & Se Chenee af Dex im Ge coll. This is true 
because te defector af 2 Gaosor seteenmmreser is proportional to the charce which passes 
throws the sateaenummster,, eet becense aay Cherze Gircnied by an induced exsf is proportional 
te the change in Sus @ te coll aeeerding ® Se eum 


q-5 &-s) 


Since the infeed carrest mest Slow Grou the resistence of the coll end galvenometer in 
sezies, the B of Gis eguetion mest netbi> Ge resistence of the gelvenometer along with thet of 
the coil 

& so-called search call aud 2 belstie: Gebeeecter used teeciber im Gis way may be re- 
ferred te 2s 2 See-aecter. The mooeber of es of Sex correspuniing t each division of the 


‘meter sale is called the caiibe ation cumstent of Ge fhur-ancter. This comstest cen be deter- 
mined experimentally by chserwing Ge GeSiection produced by 2 known change im flex. 


Cungter 27 
THE MAGNET SM OF MATERIAL BODIES 


270. The magarticm exhSiied by « permancat magnet is 8 PX ealeid miage, eal 
lost by the material. a. ea cel payee emesis aeeioeee 
ting @ im a magnetic field. Also a so-called permanent ) leaving 


induced Magnetism. Seine iets omens ee ii 
a magnetic fieid. ee SS ace ee 
a field due to another magnet. ee 
ee ne ee 
the piece of material, and its morth pole where they leave. 


A magnet created by placing 2 piece of material im a field is 
Said to be “iminced” by the field. and the process is called mag- 
Betic induction. 

Mzenetic materials may be magnetized in the earth’s field, : 
but this field is so weak that its effect is not always moticeahie. In places like shipyards boy 


273. Electr¢ Consist essentially of a coll of wire wrapped around a core of some 
magnetic material such as a piece of iron. When a current flows in the coil, the core becomes 
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made to posresa while they are Inthe magnetizing field, If the core of an electromagnet is made 
of a material which lonen nearly all ita magnetiom when the magnetizing field is turned off, the 
electromagnet can be turned “on” and “off” by remote control, thereby giving it an advantage 
over a permanent magnet for some uses. 


274, The Amperian Theory of Magnetinm. Ap pointed out in Sect. 235, the fleld of a magnet 
resembles the field of a solenoid, It also appears that the origin of the field may be fundamen- 
tally the same in both cases. In the solenoid, the field is due to electrical currents flowing 
around in the turna of the solenoid, and the observed field je the resultant field due to all of the 
successive turns of the solenoid, Ina magnet, it appears that the field is also due to the motion 
of electricity in circular paths, This motion has been identified with rotary motion of spinning 
electrons. These spinning electrons are assumed to rotate incessantly inside the atom just as 
the earth rotates about its axis day after day, In an unmagnetized plece of material, the axes of 
spin for the different electrons are oriented more or less at random, so that there is no com- 
bined effect. In a permanent magnet, there are enough of the electrons spinning in a given di- 
rection so that there is a marked external effect. Years before there was any knowledge of spin- 
ning electrons, it was deduced by Ampere that there must be some sort of elementary circuits in 
the interior of magnetic materials which corresponded to the separate turns of a solenoid. For 
that reason, these elementary circuits which are now identified as spinning electrons are still 
referred to as Amperian currents, 

This theory of magnetism is consistent with the fact that magnetic materials may be mag- 
netized by placing them in a magnetic field. The magnetizing field exerts a torque on the spin- 
ning electrons just as it would on a coil of wire, and tends to turn them so their fields will be in 
the same direction as the magnetizing field. If a large number of spinning electrons all have 
their axes of spin lined up in the same way, they will cooperate to produce a strong magnetic 
field. If the nature of the material is such that this arrangement of the spinning electrons per- 
sists after the magnetizing field is removed, the piece of material will then be permanently 
magnetized. 

The effect of heat on a magnetic material is also consistent with the idea that magnetization 
involves some sort of molecular or atomic rearrangement. The molecular energy associated 
with high temperatures tends to break up any existing arrangement of the amperian circuits. 
Thus the magnetism of a permanent magnet may be destroyed by heating. If a magnetic material 
is to be magnetized in a magnetizing field, a temporary application of heat may aid the mag- 
netizing field by breaking up previously existing arrangements. Thus the strongest permanent 
magnets are made by allowing them to cool from a high temperature while they are in a mag- 
netizing field. The effect of jarring and vibration on a magnetic material is similar to the effect 
of heat, as might be expected since higher temperatures are associated with higher degrees of 
molecular vibration. 


275. The Nature of Magnetic Poles. Magnetic poles have been referred to as regions ona 
magnet where the magnetic forces appear to be concentrated. Two kinds of poles have been 
recognized, depending on the way the magnet points in a magnetic field. On plots that show the 
field of a magnet, a north pole appears as a region from which lines of flux diverge, and a south 
pole appears as a region to which lines converge. For many years it was assumed that magnetic 
fields originated from elementary poles, just as electric fields originate from electrons and 
protons. In the light of Amperes theory of magnetism as verified by many experiments, it ap- 
pears now that magnetism may be considered as a subdivision of the general phenomena of 
electricity, rather than as a separate phenomena. 

It is certainly true that magnetic poles as observed on magnets can exist without any ele- 
mentary poles inside the magnet. A current carrying solenoid exhibits north and south poles as 
far as external effects are concerned, and there we know that the lines of force which converge 
in to the south pole end do not end there. Rather they pass unbroken through the solenoid and 
diverge from the north pole end as illustrated in Fig. 233. Hence magnetic poles as observed 
from the exterior of a bar magnet do not necessarily require the interior existence of elementary 


onsider a magnet ag 4 king 
a ce can end, eee ae solenoid, 
eotgs on wiih ef asad onaoot circuits constitute 
Of solenoid wi ere the a a 
In discunsing the nature of ees wp en ' 
it is of interest to note that an {nolate aking : 
elther sign cannot be obtained by wre hd 
magnet intwo. Ifa magnet Is broken ee = 
tempt to separate the two poles, new po! a 
Pear on the broken Parts so that each pa pind 
both a north and south pole after they re 
arated. This behavior ts illustrated ¥" ind 
275-1, Another point of interest is that aa 
never been found Possibleto make a ate wes 
one pole stronger than the other, althoug i 
pole may be spread over more area than 


other. Magnets made with one pole of each rae ca 
concentrated at the two respective ends are — 
common because they are most useful. Mag 


can be made with either pole spread omen 
Siderable area, or one pole can be distri an 
over separate areas, Thus a bar magnet can 


South pole in the middle as indicated in Fig. a 
275-2. In any case however, the total pong 

lines of flux Coming out of all the north pole Miapaenes 
areas on a magnet ig always equal to the total pon a <a . 
tering the south pole areas. These experimental o 


Fig. 275-1 


magnet must continue unbroken through the magnet at aon ie 
Some where else, forming endlesg loops as they shoul 
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In the same way, it appears that all of = a peas aia Fig. 275-2 

which we are now familiar involye endless loops ux 

by moving charges. There is of course the Possibility that undiscovered Situations may exist in 


endless ring of magnetic materia) can be magnetizeg to have loops + 
of magnetic flux but no Poles, The magnetism in such 4 ring is 


Similar to that in a horseshoe magnet with its Poles bent Close to- 
gether as Shown in Fig. 276, To secure an endless r. 


ux, €S8 magnets hout poles will not Produce 
external field, exe : 
forces, they are widely used ag Cores of transformerg (See Sect, 380), Fig. 276 
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Chapter 28 


THE MAGNETIC PROPERTIES OF MATERIALS 


280. Magnetic materials differ with regard to the with which they can be magnetized. 
They also differ with regard to the maximum amount Pe vretizaiion that can be produced ina 
given volume of material, and with regard to the amount of the magnetization that will begpés 

fused ater the material is removed from the magnetizing field. Only a relatively few materials 

fan be magnetized strongly enough to be of practical interest. These include the elements iron, 
nickel and cobalt, and a number of different Alloys, Because these materials behave in general 
iike Iron, they are said to be ferromagnetic.~In this chapter we will consider the measurement 
of the magnetic properties of ferromagnetic materials, and we will also discuss briefly the 
magnetic characteristics of materials which are not ferromagnetic. 


281. The Measurement of Magnetic Properties. To measure the 
" magnetic properties of a 
material, we need a known magnetizing field in which a sample of the material can be placed, 


and a means for measuring the resulting flux density in the sample. The calculations required 
are relatively simple if the magnetizing field is fur- 
nished by a long solenoid, and if the sample is in the 
form of a long bar that completely fills the solenoid. 
The magnetic flux produced in the bar can then be 
measured by a ballistic galvanometer with a search- 
coil placed around the solenoid as shown in Fig. 
281-1. 

To make simple calculations possible, the sole- r Fig. 281-1 P 
noid and bar should extend infinitely far in either di- 
rection. In practice this condition can be approximated by using a long thin solenoid. The ef- 
fect of the ends may also be eliminated by making the solenoid and sample in the form of an end- 
less ring, or torroid, as shown in Fig. 281-2. A third possible experimental arrangement is 
shown in Fig. 281-3. Here a heavy yoke Y of soft iron is bridged across from one end of the 
solenoid to the other. With this arrangement, the poles of the solenoid are neutralized by the 
opposite poles which they induce at the ends of the yoke. This makes the field in the solenoid 
like the field in an endless solenoid. 


Fig. 281-2 Fig. 281-3 


In any of the above experimental arrangements, the search-coil will measure the total flux 
density B through the coil. This will include the flux density B, due to the magnetizing current I 
in the solenoid superimposed on the flux density B,, due to the amperian circuits in the sample 
of magnetic material. The total flux density B will then be given by the equation 


B=B,+Bm- (281) 


\ 


» 
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solenoid is the field that tends to allign the am- ~ 


tizing field, It ; 
ferred to as the magne . 
re be lay the control of the magnetizing field, 
here the contribution Br of the 
ntribution Bo of the contro}. 


The field furnished by the current in the 
Perian circuits in the core, and it may therefo sey 
generally desirable to get a large total flux density 
This is possible with some magnetic materials such as sgt ain ie 
ily material may be thousands of times greater names density of the magnetizing field is a 

ling field. The ra of the-total f i ance of re, and this io is 
measure of how much the flux has been increased by the eset Ant y vis 
referred to as the relative permeability of ‘the core with respe lenoid 1 meter long with 1200 

To illustrate, let us consider a sample problem involving a so iginally unmagneti 
turns anda cross-sectional area of 2 cm’, Consider that nig ane pe ad to be the ri ome 
and that it fills the solenoid so that its cross=sectional area may f 180 x 10~ webers when a ; 
of the solenoid. Given that the flux meter indicates an increase 0 


sultant flux density 
current of 5 amperes is turned on in the solenoid, we can compute the re 2 
in the core as 
_ 180 x 10% web _ 9 web/m? 
Be > x10 m ~' 
The flux density By due to the solenoid alone is given by Eq. (234-5) to be 
1200 x 5 web 
1 


Bo =H Xt = (1.26 x 10) = 


web 
= .00754 os 


The relative permeability is therefore the ratio of .9 to .0075, which is approximately 120 to 1. 
282. The Permeability of etic Materials. The flux density in a long uniform solenoid 

Gue to the current I is given by Eq. (234-5). If we use Bo to represent this flux density as was 
done in the Preceding section, we can write wi 
fon > { =~ 


tf 


NI f : 
Bo =Ho T a 


Tf a long uniform core is placed in the solenoid, the total flux density B will in general be larger 
than Bo, and we can write 


(282-1) 


B-=u a (282-2) 


where the factor/u\ depends on the core material. Just as Ho is a measure of the permeability 


of empty space for lines of flux,(1 sou is referred to as the magnetic permeability of the core 
material. The ratio of u to Mo is the same as the ratio of B to Bo, and it is the relative per- 
meability of the core material as defined above. 


283. Magnetization Curves. Equation (282-2) above applies to the behavior of a magnetic 
core placed in a coil under the control of the magnetizing current in the coil. It is therefore a 
very important equation from both a theoretical and a practical viewpoint in that it describes 
the result obtained with any particular core material and for any given value of the magnetiza- 
tion current. The meaning of the equation may be clarified by stating it in words as follows 


(1) See last paragraph of Sect. 230. 


B a 
The total The permeability of The ma fluenc 2483 
i etizing in e - 
flux density the core material ® of the Pier ns modi- ‘ ” 


fied by the number of turns 
and the length of the solenoid 


It is convenient to refer to the third term as a single quantity, and we can write 
NI _ (233-2 
tL. 


where H is called the magnetic intensity due to the current I.* As written, the equations (232-2) 
and (283-2) apply only to a long uniform core ina long uniform solenoid, or to some 
arrangement, but corresponding equations can be written for any case where 2 core is placed 
under the influence of a magnetizing current. Since B, N, I and L in Eq. (282-2) can all be 
measured, the permeability 4 of a core can be computed by that equation. 

The dimensions of a unit for H as given in Eq. (283-2) may be found by applying the equa- 
tion to compute the value of H in a typical case. Thus if I = 2 amp in a solenoid that has 1500 
turns in one meter length L, then Eq. (283-2) gives 


y = 2900 turns x 2 amp 


lm 


amp-turns 
oS (283-3) 
Thus an amp-turn per meter is the mks unit for H. The number of turns N is 2 purely numeri- 
cal multiplying factor, and although the work “turn” is often included in the name of the mit. = 
may be discarded at will. Thus an “ampere-turn per meter” is the same as the “ampere per 
meter”. The “oersted” is a unit of magnetic intensity from the cgs system which is frequently 
used. Units may be converted by using the relationship 


1 oersted = 79.6 amp-turns per meter 


It follows that if the magnetic field of the current has a flux density B and a2 magnetic infeusity 
H, then the value of B in gauss in numerically equal to H in oersteds. 


— 

* A general definition of the intensity H of a magnetic field is beyond the scope of this boos 
For points in empty space, the intensity H of a given magnetic field is related to the flux Gemsity 
B of the same field by the equation 


B= Ho H (283-4) 


This means that, in empty space, H is a vector quantity having the same direction as B, anc 2 
magnitude that is proportional to the magnitude of B. The historical development of our Know - 
ledge of magnetism is such that both B and H are used in connection with magnetic fields iz 
empty space, althougb such a field could be adequately described by either one alone. 

The mks unit of H can be found by using the value of ff (1.257 x 10-6 weber per amp =) 
in Eq. (283-4). Thus for a point in empty space where B = 1 weber/m?, we get 


B 1 
s—s= = .79 -6 im 
a Ho 1.257x 10-6 web/amp m) fe 18 e/ 


This is'consistent with Eq. (283-3), where the same unit appears for H. 
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The permeability “ of many TT ae 
magnetizing field, and for this reason, Instead, the ma shape of 
Scribed by giving any one value of /. ve” of Bvs H, The ie 
Scribed by a so-called “magnetization cur is typical of ferromagn 

/ ve as shown in Fig, 286 is t because the am- 
the magnetization = Tha-curve rissa slowly at Gre eel cet isee 
piace cel together by am ae large am 2 

eld. e ‘ound into 
“or ake eagle conthiiatican: the circuits Tee cleaits to the 
phatonk, with the field. The contribution Bm . ts incesased funttiae, 
total induction B therefore increases rapidly as fter the amperian cir- 
and the curve of B vs H rises sharply, Finally, ai little further increase 
cuits are almost completely aligned, there can be the only appreciable 
in their contribution to the total induction. Hence 
increase in B 


f 


B 


rent for different values of 
materials is aa! many materials cannot be 
tic See nature of a material ig 


Fig. 286 


etizing curre 
will come from the flux density By which is due to the magn i - 


etic “saturation,” 
leveling off on the curve after its steep rise is referred to as magn 


iformly at its stee 
Very careful observations show that the curve does not rise un 4 


de. 
best de. 
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This 


Pest part, 


This is as would be e 
xtremely fine scale. Xpe. 
rv harp steps on an extreme turn around Sudde; = 
=~ Kec te bac A ag or blocks, of amperian circuits nly to 


gether, once an original combination is broken up. 


int on a cu 

For any value of the magnetizing field H = ins = ie otigin to th 

Permeability will be given by the slope of a line drawn ee and the maxim 

may have different values for different points along the pet : ¢ Mitithin tac 
cur at the knee of the curve where it begins to flatten out. No’ 


the curve is steepest, 


Tve of Bys 
at 


H, the 
Point. Thus a7 
uM value will o¢_ 
ot the point Where 


264. Magnetic Hysteresis. If a piece of material acquires a flux — (or induction) g 
tend fang to the curve OA of Fig. 267 when a magnetizing field H te “ppd, the material win 


tend to retain Some of this magnetization permanently. Conse- 
quently if the magnetizing field is reduced, the induction B for 
any value of H wil] be larger than it was for the same magnetizing 


Piece of magnetic material is called the « % 


changes in the magnetizing field H is referred to as hysteresis, 


When magnetic materials are used in connection with alternating curre 
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388. Properties of Typical Ferromagnetic Materials. The value of the coercive force for a 


substance is a good indication of how hard it is to change its magnetic condition, either to mag- 
netise it or to demagnetize its Usually the mateFial will ‘be approximatel saturated by applying 
i magnetizing field equal to three or four times its coercive force. Valuss of coercive forces 
also give & comparative idea as to permeabilities since substances that are hard to magnetize 
generally have low petuenDORibs, a vice versa. Some approximate magnetic data are given 

. Table erence ween various f 

= be taken as approximate values which indicate the okier O riegekale Only, nt 


Table 288 
Approximate Magnetic Magnitudes for Some Materials 
H to produce Saturated sidual 
saturation* Mw B* Peay ie ae 
‘3 lorce Hy density By 
amp web amp web 
on m? ™m = 
— 240 2.15 60 1 
Nickel 1200 60 270 --- 
Permalloy 16 alto : “ex 
. el << --- 4,800 -30 
Alnico ccs ve ca aa 


Materials like iron or permalloy with a low coercive force and a high permeability are 
suitable for cores in electromagnets and other applications where the magnetization is to be 
controlled by controlling the magnetizing current. Carbon steel and alnico are on the other hand 
suitable for permanent magnets, because of their relative high coercive force. 


289. Paramagnetism and Diamagnetism. As stated before, only a few ferromagnetic ma- 
terials like iron can be magnetized strongly enough to be of practical importance. Other ma- 


terials are generally referred to as non-magnetic. However, all materials show some magne- 
tism if they are examined under conditions that permit extremely small effects to be observed. 
For example, a piece of aluminum will be slightly attracted by either pole of a magnet, although 
it cannot be magnetized strongly enough to be lifted by a magnet. 

The attraction of a magnet for aluminum can be observed by suspending an elongated piece 
of aluminum between the poles of a strong magnet. The piece of aluminum will then turn paral- 
lel to the field just as a piece of iron would do. Although aluminum will be attracted by a magnet 
in the same way that iron is attracted, the amount of magnetism induced in the aluminum is very 
small by comparison. For magnetizing fields ordinarily produced by magnets, the induced flux 
density in a piece of aluminum is only about one billionth as large as it would be in a piece of 
iron. Materials that are weakly attracted by a magnet like aluminum are said to be paramag- 


netic. 
The magnetism of paramagnetic materials is strictly proportional to the magnetizing field. 
and they do not show hys- 


This means that they do not exhibit any saturation in ordinary fields, 


teresis or permanent magnetization. 
Paramagnetism is like ferromagnetism, in that it appears to depend on the alignment of 
tic materials, however, the axes of the 


spinning electrons in a magnetizing field. In paramagne’ 
spinning electrons are more rigidly fixed in direction. Only small changes are produced by the 


knee of the magnetization 


Slee I eee OE 
* These values are for approximate saturation as represented by the 
steel, and alnico have no 


curve. The curves for magnetically hard materials such as carbon, 
Sharply defined knee. 
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nm as the field is removed. 
Strongest available fields, and these changes disappear ashe stamina in that a piece of the 
Some materials are magnetized differently from iron bismuth and glass are typical ex 
material will be repelled by either pole of a magnet. os aa: Hf a bar of such a materia 
1a Dies of materials that will be repelled by either pole af a MAFREL- tT Materials 
is suspended between the poles of a magnet, it panting he i : 
which are repelled by either pole of a magnet are sa ectrons in atoms. Ef am elec_ 
Diamagnetism appears to result from the orbital ta of aa induced emf somes 
tron moving in a fixed orbit is placed in a magnetic field, there cuit. If the orbit is ome that 


the orbit according to the ordinary rule for induced emf in a cir — 
produces a field in the direction of the magnetizing field, the induced emf will decrease the 


equivalent current in the orbit. If the orbit is one that produces a ie psn en 
netizing field, the induced emf will increase the equivalent current. iw 'thead 

gether to give a resultant added field opposite to the magnetizing field. a eee ay ist random 
distribution of the orbital motions of all electrons previously gave no field, will be kere 
Appear externally as a field due to the material. In other words, the eer pe 

and magnetized in a direction opposite to the magnetizing field. This tiamag at 2 % = 
Permanent magnet will induce similar poles on adjacent parts af a piece of 

al, and the material will then be repelled. . 

In general, atomic electrons have both the orbital motion that gives diamagnetism amd the 
spinning motion that gives paramagnetism. Thus all materials are both diamagnetic and para- 
magnetic. The external effect observed for a given material devends on which effect is larger 
in that material. 


Chapter 29 
THE MAGNETIC CIRCUIT 


290. In practice we may wish to compute the number of closed loops of flux @ that will be 
found in a core as shown in Fig. 290. Here the core is almost a closed ring of material with 2 
narrow air gap, and the magnetizing coil is concentrated at 
one place. 

If the permeability of the core is large compared to the 
space around it, the loops of flux produced by a current in 
the coil will all lie in the core as indicated by. the dotted 
line. The core thus serves as a path along which the lines 
of flux lie. The lines of flux form closed rings, and hence 
the core and air-gap together may be referred to as a 
magnetic circuit. In such a magnetic circuit, the amount of 
flux is related to certain other quantities by an equation 
that is analogous to ohm’s law for an electric circuit. In 
this analogy, the flux @ in the magnetic circuit corresponds 
to the current in the electric circuit. The reciprocal of 
magnetic permeability corresponds to resistivity. The 
product of the total number of turns N and the 
current I in the magnetic circuit corresponds tothe electro- 
motive force in the electric circuit. The product NI is ac- 
cordingly referred to as the magnetomotive force. 

To illustrate, let us consider the magnetic circuit shown in Fig. 290. The core constitutes 
a magnetic “conductor” having a cross-sectional area A anda length L, bent into circular form. 
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The section of the ciroult through the air Hap can then be considered as a short conductor of 
Jength Ly, having the same cross-sectional area ag the core, Let HM, be the permeability of the 
core material and 4, be the permeability of the air in the gap between the ends of the core. If 
this magnetic circuit was an electrical ctroult in which the realativity of the core material was 
Pr and that of the air in the gap was 4, we would write 


E 
Is (290-1) 
L 
p, > + Po 3 
By analogy we can therefore write 
O= NI L (290-2) 
+—h 
MA MA 


The denominator, which is analogous to the resistance of the electrical circuit, is referred to as 
the reluctance of the magnetic circuit. Cores forming a closed ring are widely used and Eq. 
(290-2) may be applied to a core without any air gap by simply taking L, to be zero. 

Eq. (290-2) is of considerable practical interest, but it must be remembered that it is ap- 

ate, It is derived from a corresponding exact relationship that may be found in more ad- 

vanced textbooks. For the conditions under which Eq. (290-2) holds, note that the distribution of 
the N turns of wire along the core makes little difference, just so the turns all pass around the 
core at some point. 


Chapter 30 
FORCES AND TORQUES ON MAGNETS 


300. The action of a magnetic field on a magnet is the result of many small forces acting 
on the individual amperian currents distributed throughout the magnet. The effect of these 
forces is the same as if the field exerted just two forces on the magnet at two different points 
which have been called the north and the south poles. The concept of a magnetic pole is thus 
similar to the concept of a center of gravity in mechanics. There the action of gravity really 
consists of separate forces acting on the distributed particles of a body, but the body behaves as 
if there was a single downward force at the center of gravity. 


301, Magnetic Pole Strength. If two magnetic poles are placed in the same field, one may 
experience a stronger force than the other. The strength of a pole p is accordingly defined as 
the amount of force F acting on the pole per unit field H, so that 


p=F/H (301-1) 


If the same pole is placed in any other field, the force is found to be proportional to the field, 
and can be computed by writing the above equation in the form F = pH. It follows from Bq. 
(301-1) that the mks unit of pole strength is a newt/(amp/m). This is the same unit as the 
weber which is used for measuring magnetic flux. ‘ 

In a bar magnet with one pole at each end, the two poles are always opposite in sign but 
equal in magnitude. Thus the resultant force of a uniform field on both poles is always zero, 


302. Torque on a Magnet in a Field, The torque which tends to align a magnet with a uni- 
form field H may be analyzed in terms of the forces acting on the separate poles, The force F 
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on the north pole will be pH, and it will act in the direction a ae orn 
The force on the south pole will be equal and opposite. As | ra the 
Fig, 302 each force will produce a counter-clockwise torque “ie foreas 
center equal to Fa, where a is the lever arm as shown. The 

L will thus be given by 


L»2Fa=2pHa (902-1) 


Tf Lis the length of the magnet between the two poles, then a= ig barn 
where @ is the angle between the field and the axis of the magnet. 
ing { the torque may be expressed in the form Fig. 302 


L =pAH sind (302-2) 


If a magnet mounted on a vertical axis is acted upon by a field = Si Fy the 
vertical component of this field can produce no — aed ope Ss. case, the 
H of Eq. - e horizontal component ‘ 

the tect pret acts as explained above, but the resultant force ;2 the whole 
magnet is zero as stated in the preceding section. If the field is not uniform, the forces on the 
two poles may not be equal and opposite. The resultant force on the magnet in such a case wij} 
tend to pull the magnet toward a place where the field is stronger, after the magnet has once 
been aligned with the field. 


303. Oscillations of Suspended Magnets. If a magnet mounted to turn about a vertical axis 
is given an angular displacement and then released, the restoring torque for any angle @ is giv- 
en by Eq. (302-2) above as L= Hp sin@. If the angle of displacement is so small that sin 6 is 
approximately equal @, we may write 


L = (Hpg) @. ; (303-1) 
Since the restoring torque is then approximately proportional to the angle, the resulting angular 
motion will be approximately simple harmonic, with a frequency f given by 


z a Vale = + Vapl/t (303-2) 


way as the frequency of a pendulum is proportional to the Square root of the gravitational pull at 
any point. 


304. Forces between A etic Poles. It is impossible in practice to have an isolated pole of 
either kind, or to ascribe a single geometrical point as the location of a pole which occupies a 


On this assumption it can be shown (See Appendix D) that two concentrated magnetic poles p 2 
and p, a distance r apart will exert a force F on each other according to the equation 


eo DIDS D 
“ae od 2 (304) 


The mutual force will be either a repulsion or an attraction, depending on whether the poles are 
like or opposite. This equation can be approximately verified by making measurements with 
poles at the ends of long magnets. 


305. Field due to a Magnetic Pole. For a situation where Eq. (304) applies, we may rewrite 
that equation to give 


F.1 % 
PL 4m, (305) 


gece F/Ps is the field H acting on p,, and since this fleld comes from p,, we may write 


por tne field due to the pole p, ata point a distance r away 


Chapter 31 


GENERATORS AND MOTORS 


na rotation causes a change in the flux through the coil. The position of the coil in Fig. 310-1 
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the zero position, and Fig. 310-2 shows the 
as Coil just after it has passed through the 
ae on rotating counter clockwise with a Constant angular velocity w. The angle @ for the 


Fig. 310-1 


instant represented in Fig. 310-2 will therefore be 
equal to wt. As the coil rotates, the side ST moves 
sidewise around in a circular path of radius r witha 
tangential velocity as indicated by the vector V, in 
Fig. 310-2. V, may be resolved into rectangular com- 

nts, and the component V which is perpendicular 
to the field is the component which is effective in pro- 
ducing a motion emf according to the equation E = BLv 
of Sect. 257. Now V = V, sin ®@, and the angle ¢ is 
equal to the angle @. Also V, =wr where r is the 
distance from the axis of rotation to the side ST, as 
shown in Fig. 310-1. Hence the emf e induced in the 
wire ST at any particular instant may be written 


(Looxinc ALONG axis CD.) 


Fig. 310-2 


m oe» BLr w sin (310.4) 


down. At the same time 
top side moves the 
» from § to T as the PtoQ, Thus the two emfs 
ie pS ane tee moien stil piel SelLE hy nse ioe total emf in the coil aroung diel 
patil nahi al py coil in the same direction, and B 
a 


thro Sto T will be 
rough Q and res (310-2) 


ua may write 
Since L x Qr is the area A of the coil, and since @ «wt, we may 
e= BAwsinwt. (310-3) 


ity w. Note t 
It follows that the emf at any point is proportional to 7 tie aro save a pre ae 
be expressed in terms of oe eet in on times the wires are moving straight 
t when the angle wt is : idly. The emg 
Me aes tien the theld B, and “cutting” the lines of flux aie horizontally wie, 
ero when the angle wt is 0 or 180°, because then the wires ar sm 
ting” any lines of flux, 
the emf induced in any coil ro- 

311. Emf Induced in Any Rotating Coil. An expression for 
tating in a magnetic field can be derived by calculus from the general equation for induced emi, 
E = -Nd@/dt. Consider a flat coil as shown in Fig. 311, ar- 
bitrarily choosing a positive direction around the coil as in- 
dicated on the figure. Let JK be a vector perpendicular to 
the plane of the coil that is related to the positive direction 
around the coil by the right hand screw relation. If the coil 
is rotated with an Angular velocity w as indicated about an if. 7 
axis which is perpendicular to the vector JK and the field B, Lad 
the angular position at any time t can be represented by an B 
angle @. In general, the flux @ through any flat coil in a 


is the area of the coil in Fig. 311, the effective area as seen 
looking along B at any instant will be A cos@. Hence we 


may write Pig. 311 
= BA cos@ (311-1) 
If we start Counting the time when @ = 0, then the value of @ at any time t will be wt, so that 
= BA coswt (311-2) 
The emf e at any particular instant is-N d¢/dt, so that we can write . 
e= w NBA sinwt (811-3) 


This is in agreement with Eq. (310-3) of the preceding section. That equation gave the magnitude 
of e for a coil of one turn where N = 1, 


Note that the magnitude of the flux through the coil will be a maximum (= BA) when 6 is 0° 
or 180°, while the magnitude of the rate of change of the flux will be greatest when 6 is 90° or 
270°, If %, is the maximum value of the flux for any position, we may write 


e@= Nw, sinwt. (311-4) 


312. Commercial Generators. The rotation of a coil in a magnetic field to produce an emf 
finds many important applications. Mechanical devices for the Production of an emf in this way 
are Commonly referred to as electrical “generators,” The essential Parts of such a generator 
include the rotating Coil, a “field” magnet to Produce the magnetic field, and some way of making 
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electrical connections from the terminals of the rotating coll to stationary external connections. 
The rotating coil generally has an iron core to increase the flux through it, and it is referred to 
as the “armature.” The field magnet is usually an electromagnet, and in some generators, cur- 
rent from the armature may be used to produce the field. Such generators are said to be “self- 
exciting.” Large generators are sometimes constructed so that the armature is fixed and the 
field magnet rotates, producing a changing flux in the armature coils, but our discussion of gen- 
erators will be limited here to those with a rotating armature, 

A generator is essentially a device to convert mechanical power into electrical power. It 
furnishes electrical energy by driving a current through a conducting path connected to its 
terminals. This path is referred to as the load of the generator, The power expended depends 
on the current that the load takes from the generator. The mechanical power required to keep 
the generator running also depends on this current. This is true because the larger the current 
taken from the armature, the larger will be the force opposing the rotation of the armature in 
the magnetic field. Thus it is that the power required to keep the generator running is deter- 
mined by the amount of electrical power taken by the load. This must necessarily be true ac- 
cording to the principle of the Conservation of Energy. It follows from above that if no current 
flows in a generator, no mechanical power will be required to keep it turning except a relatively 
small amount needed to overcome friction and to provide for the hysteresis energy loss in the 
core of the armature. 


313. Alternating Current Generators. The ends of a rotating coil ina generator may be 
connected to stationary external terminals by providing each end of the coil with a so-called 
“slip-ring.” These are conducting rings mounted on the armature shaft but insulated from it as 
illustrated in Fig. 310-1. Two stationary “brushes” are then placed to give constant sliding con- 
tact with the respective slip rings, and the two external terminals are attached to these two 
stationary brushes. If an external path or load is connected to the terminals of such a genera- 
tor, the current flowing in the load will be an alternating current. This current will change its 
direction back and forth in a cyclic fashion according to the alternations in the emf. The abbre- 
viation a.c. and d.c. are commonly used to designate alternating and direct currents respectively 

The emf e generated at any instant in the rotating coil of an alternating current generator 
is a sinusoidal emf as given in Eq. (310-3). Using E, to represent the maximum value (BAw) of 
e, we may write 


e=E, sinwt 


A graph of e vs t is shown in Fig. 313, 
placed below a series of drawings showing 


——>B 
the position of the rotating coil at various af = 
corresponding times. 
If the field of an alternating current + = x 4 
generator is furnished by an electromag- 
net, this magnet must be excited by some 

— ——> B 

| 


separate source of direct current. 


314. Direct Current Generators. If 
the two external terminals of a rotating 


coil are interchanged relative to the ends an ee 
of the coil each time the emf changes in 


direction, then the emf in the coil will Fig. 313 
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e external termin 

always be directed toward the same external TT ith tit through hey BA alway, 
be positive and the other one will always be negative. Also ernal | 
will al § irection, 

ease lh eagle commutator that ar maaevala in meen the ee On of ty 
terminals to the ends of a rotating coil at regular eS ing which hia beeen: fa four 
drawings in Fig. 314, This commutator consists of a meta : bs axle Witt thatne ino two 
semi-circular segments as shown, and mounted on the neieaere sae aie eta VeS tnay. 
lated from the axle and from each other. The two halves o: is ; Pate together id Connecteg 
to the two respective ends of the coil, and the commutator wits ae wih a ee Pi these 
drawings, the plane of the coil is represented by the lines i: c tts tel fave nen St Of the 
four drawings. The conductors shown in solid black are conducto gative Potentiay 


The two Stationary terminals T, T make 
Contact with the commutator segments 
through Stationary sliding brushes which 
are shown cross-hatched. The four draw- 


~~ — “~~ -— 
ings represent the rotating coil at four —~zB 
Successive positions a quarter of a revo- + = Ps ~ 
lution apart. Note that as the coil rotates t 8 
through the position where the emf re- 1 i H 
I 
a 


verses, the dividing lines on the commu- 
tator ring pass under the brushes, and 

each brush is Switched over to the Oppo- ‘ins a 
Site bar from the one it touched before. ~ a= 
Thus a generator having such a commu- 

tator will furnish a direct current through 

an external load connected to its terminal. 

The emf furnished by a direct current Fig. 314 
generator having one flat rotating coil as 
illustrated in Fig. 314 will always act on the load in the same direction, but its magnitude will 
not be constant. A graph of the emf furnished is plotted against the time for one revolution in 
the lower part of Fig. 314. Note that the curve is a sine curve with the negative loop reversed 
into a positive loop. 

In order to furnish a more uniform emf than that produced by one flat rotating coil, direct 
current generators usually have armatures with a number of flat coils mounted on the same core 
and connected together in series, These coils are placed at different 
rotation so that at any instant there will be at | 
where the induced emf is largest. By using a commutator ring which has as 
ments as there are junctions between Coils, it can be ar- 
ranged so that two brushes placed on opposite sides of the 
commutator will always be bridged across a number of coils 


as represented in Fig. 314. Ifa current from some outside 
source is sent through such a coil, the current wil] make the 
coil turn toward a position perpendicular to the field with its 


Fig. 315 
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lines of flux in the direction of the field (See Sects. 203-04). Although the torque of the field on 
the coil becomes zero when the coil reaches a perpendicular position, its inertia will keep it 
moving. Rotation past this position reverses the brushes with respect to the end of the coil, and 
thereby reverses the current inthe coil, The reversed current will then turn the coil on through 
180° to the next perpendicular position, and so on. 

An emf applied to a motor armature from the outside must expend electric energy to send a 
current through the armature. As the armature turns under the force of this current, it can do 
mechanical work. Thus the essential function of an electric motor is to convert electric energy 
into mechanical energy. 

As indicated above, a given machine may operate either as a motor or as a generator. 
Electric locomotives have been made to operate in either manner. Going up hill, they can op- 
erate as motors to convert electrical energy into mechanical energy. Going down hill they can 
operate as generators and feed energy back into the power line. In general, however, the dif- 
ferences in practical design between generators and motors are often such that one machine will 
not operate efficiently for both purposes. Motor armatures are usually made with several coils 
in more than one plane as indicated in Fig. 315 to give a more uniform torque. 

When a direct current generator is serving as a motor, its armature is rotating in a mag- 
netic field. Since the rotation of any coil in a magnetic field will induce an emf, the armature 
must be generating an emf even when it is turning as a motor. Thus there will be an induced 
emf in the armature of a rotating motor, and our rules for direction will show that this induced 
emf is opposite to the current which makes the motor turn. Also, fundamental energy concepts 
show that an emf opposite to the current must exist in any type of motor to permit the motor to 
receive electrical energy and convert it into anything other than heat. Because the emf induced 
in a motor is always opposed to the current, it is often referred to as a “back” emf. 


316. Generators and Motors in Electric Circuits. The general principles which determine 
the behavior of both generators and motors in direct current circuits will be treated in terms of 
a single machine consisting essentially of an armature rotating in a fixed field set up by an 
electromagnet. Let us assume that this field is maintained by a current I, through a “field” 
coil having a resistance R. It will be assumed also that the field magnet is saturated so that the 
field is practically constant for all values of I, which are used. The armature coils constitute 
a conducting path having an equivalent resistance R, . When the armature is turning in a field, 
there is an induced emf E along the path through the armature. This emf will be the same 
whether the armature is turning as a generator or a motor. Except for some secondary effects 
that need not be considered here, the emf induced in the armature will depend only on the rota- 
tional speed of the armature. 

A rotating armature is a path containing an emf and an internal resistance. It is therefore 
electrically equivalent to a voltaic cell except that mechanical energy is involved instead of 
chemical energy. When charges are allowed to flow through the armature in the direction of the 
emf, the charges gain electric energy and mechanical energy is required to keep the armature 
turning. Thus mechanical energy is converted into electric energy according to Eq. (156-1). 
When a current is sent from the outside through the armature against the induced emf, electric 
energy is converted into mechanical energy, and the machine operates as a motor according to 
Eq. (157). In either case, the power converted is the product of the induced emf E and the ar- 
mature current I, . 

While the details of motor and generator construction will not be taken up in this course, 
the electrical connections in a few simple types will be studied merely as general examples of 
electrical networks containing resistance and emfs. The motors and generators to be considered 
here consist of an armature, and a field winding which may be connected either in series or in 
parallel with the armature, as indicated in Fig. 316. In either case, V is the difference in po- 
tential across the combination of field and armature considered as a single unit, and I is the 
current through the combination. 
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317. Efficiency of aGenerator or Va 
Motor. The efficiency of a generator rf “~ Cv 4 
is equal to the ratio of the terminal 
Output af electric power VI to the to- 
tal input of mechanical power, The 
efficiency of a motor is the ratio of 
the useful output mechanical power 
to the input of electric power VI, The 
losses inside a generator or motor Li- OM} 
include mechanical losses due to * a4 
friction, hysteresis loses, and elec- SHUNT junnrien 
tric losses due to the resistance of GENERATOR 
the armature and the field, The in- 
ternal losses appear in an operating 
machine in the form of heat. 


Fig. 316 


Chapter 32 


CURRENTS WITH CHANGING MAGNITUDES 


320. The flow of oes not always take place at a uniform rate. For example, when 
we close a circuit rigs constant emf, there is a short but measureable interval of time 
during whick the current is increasing from zero to its final steady value. Also when a steady 
current is interrupted, there is an interval of time required for the charges to come to rest. In 
preceding chapters, we have considered electric currents with a constant rate of flow. In this 
chapter we will consider some common examples of currents that change as time goes on. 

321. Discharge of a Capacitor through a Resistance. When a charged capacitor is dis- 
charged by connecting a resistive path R between its terminals, a temporary surge of current 
flows through the resistance from the positive terminal to the negative terminal. At any par- 
ticular instant, the value of the current will be given by the equation 


1=V/R (321-1) 


where V is value of the Potential difference at that instant. Since the current is the rate at which 
the charge flows out of the capacitor, we may write 


I= - dQ/at. (21-2) 


Here Q is the charge on the capacitor at any instant and t is the time. The negative sign is used 
because the current is associated with a decrease in Q. Now since 


Q=CV, (321-3) 
and since C is constant we may also write 


@ =C x (321-4) 


Combining the above equations, we get : 
4 


dt ~ RO (321-5) 


Thus the rate of decrease of the voltage at any instant depends on the voltage at that instant, and 
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it is inversely propor- 50 
tional to the resistance. yo.rs 
As the discharge pro- ~ 


gresses, the voltage de- 
creases, and the rate of 
discharge decreases 30 8 
jonately. A graph 

of voltage plotted against = ag 
the time will accordingly A 
appear like the curve A 
of Fig. $21. This curve 10 
shows the voltage de- 

sing from an origi- ° — 
gare of 50 volts. ° .006 SECONDS ,010 
The curve B shows how 
the same capacitor would Fig. 321 
discharge more slowly 
through a path having more resistance. In either case, it is to be noted that the negative slope 
dv/dt becomes less steep as V becomes less in accordance with Eq. (321-5). Also both curves 
eventually approach the t-axis asymptotically. 


$22. Exponential Form of the Equation for the Discharge of a Capacitor. Curves which obey 
an equation like Eq. (321-5) above are called exponential curves, because they can also be repre- 


sented by an equation having the form 
-t/R 
v=\Ye ime (322) 
Here V, is a constant equal to the initial value of V. In other words, V, is the value of the de- 
pendent variable V when the independent variable t is zero. Equation (322) can easily be reduced 
to Eq. (321-5) by the differentiation process of calculus, showing that both equations represent 
the same relationship between V and t. 

The exponential relationship found here is of considerable interest because the same mathe- 
matical equation is associated with a number of other important physical phenomena such as the 
absorption of radiation and the decay of radioactive materials. 


323. Time Constant of a Discharging Capacitor. Looking at the discharge of a capacitor as 
a process in which the voltage changes from an initial value V, to a final value of zero, the re- 
maining voltage V at any time represents the part of the entire process which remains to be ac- 
complished. Thus the ratio V/V, is the fractional part of the process which remains to be ac- 
complished at any time. For example, if V, was 100 volts, and V is 20 volts we may say that one 
fifth of the discharging process remains to be accomplished. The ratio of V to V, is involved in 
Eq. (322), which may be written 


“3 of (323) 
Thus if we allow a time t = RC to elapse, the ratio V/V, will be equal to e~!, which is 1/2.72 or 
368. This amount of time is called the time constant for that particular combination of R and 
C. Summarizing, we may say that after an interval of time equal to the time constant RC has 
elapsed, approximately one third of the original exponential process remains to be completed. 

The time needed for an exponential process to be carried out to any desired degree can be 
computed by using Eq. 323. For example, if we wish to discharge a capacitor until only one 
one-thousandth of the original voltage remains, we must discharge it for a time interval to such 
that e-t/RC = .001. From exponential tables we can find that t/RC must be equal to seven. In 
other words, t must be equal to seven times the value of the time constant RC. 

A capacitor may be charged from zero voltage to a voltage V, by connecting it through a 
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, ease in 
resistance R to a cell furnishing a fixed voltage Vy + In this pool altags shen tiene will 
{low the same pattern with reapect to time as does the ranges ing rdcenn' Will oc Pacitop 
is Being discharged. For example, a fraction .368 of the whole charg Main to 


de accomplished when t = RC. 
d to a given potential difference Vv 


$24, Current froma Capacitor, Ifa capacitor ts charge t 
and then discharged Gneaigh a qalvanamietney a fixed amount of pret bie bp the gay. 
Wanometer, By alternately charging the capacitor from a battery ough a 


Ralvanometer, the capacitor can be used to send one body of charge eats ee Ough the 
Salvanometer, Such an intermittent flow of charge can be pnw he See eas rent hay. 
ing an average value equal to the amount of charge passing throug ce ha dal Per secong, 

A current obtained by repeatedly discharging a known capacitance ; pet shai 
can be used to calibrate the galvanometer. Also a previously calibrated galv Tr can be 
‘sed to measure an unknown capacitance in the same way. A circuit as P 
Shown in Fig, $34 can be used in either case. The capacitor C is charge 
fram the battery B by moving the two-way key to F; then the capacitor can 
be discharged through the galvanometer G by moving the key to E. Lenco 
Sessive discharges sent through the galvanometer by moving the key bac 
and forth will tend to deflect the coil with intermittent impulses, but the 
inertia of the coil will prevent it from following the pulsations of the cur~ 
rent in complete detail. If the pulsations follow each other closely enough, 
the galvanometer deflection will oscillate only slightly about an intermedi- 
ate position which indicates the average value of the current. 

The relationship between the average current through the galvanometer 
and the other quantities involved may be derived as follows. Let V stand for the potential to 
which the capacitance C is charged. The charge Q which is discharged through the galvanometer 
each time will then be equal to CV. Now the amount of charge passing through the galvanometer 
in one second will be equal to the number of discharges in one second multiplied by the charge Q 
in each discharge. Hence if n is the frequency with which the key is operated back and forth, the 
average current I will be nQ, so that 


Fig. 324 


I= nCV, (324-1) 
or C =I/nv. (324-2) 


In practice the key V may be operated by an electrically driven tuning fork, or by a constant 
Speed motor. For most suspended-coil galvanometers, a frequency of several discharges per 
second is enough to give a noticeably steady deflection. There is an upper limit to the frequency 
with which the key can be operated because the key must remain closed in each direction long 
enough to give the capacitor time to charge or discharge. 


325. Mutual Induction. A changing current in a circuit will change the magnetic flux in the 
Surrounding space, and this changing flux may induce an emf in another nearby circuit. Such in- 
duction occurs even when there is no electrical connection between the circuits. It is known as 
mutual induction, and it is one example of the general phenomena of induced emf as discussed in. 
Chap. 25. 

When mutual induction occurs, the circuit in which the changing current flows is called the 
“primary” circuit; The circuit in which the emf is induced is called the “secondary” circuit. 
The magnitude of the emf E, induced in the secondary circuit depends on the rate of change of 
the flux through that circuit and hence on the rate of change of the current I, in the primary cir- 
cuit. This dependence may be expressed by an equation having the form 


E, = - M(dI,/at). (325-1) 


Here M is a factor depending on the geometry of the two circuits and on the presence of any 
magnetic core material. This factor M is called the coefficient of mutual inductance between 
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the two circuits, The negative sign is used to indicate that K, and [, are in opposite directions 


when I, is increasing, provided the two circuit . s wound in the same di- 
rection on the same straight core, mB Ree pencad Like tee snl 


Equation (325-1) can be written in the form 
-E 
Me (325-2) 
(ai, /at) * 
‘This shows that the coefficient of mutual inductance may be defined as the emf induced in the 
ee perunit rate of change of current in tho primary circuity The most common 
an mutual inductance {s a volt per ampere per second; This is more briefly referred to as a 
henry. For example, if an emf of 100 volts is induced in a secondary circuit when the current in 
the primary circuit changes at the rate of 20 amperes per second, the mutual inductance between 
the two circuits is 5 henrys, A millihenry is 1078 henry. 


$26. Mutual Inductance between Coils. Some of the factors which determine the value of the 
mutual inductance between two coils may be pointed out with reference to Fig. 326. In general, 
the amount of flux through the secondary will be 

oportional to the current I, in the primary. It 
will also depend on the number of turns N, in the 
primary and on the relative position of the two 
coils. For a given amount of flux from the pri- 
mary coil, the emf induced in the secondary will 
depend on the number of turns N, in the second- 
ary. It follows that the mutual inductance be- 
tween two coils as shown in Fig. 326 could be 
increased by increasing the number of turns in 
either coil, by moving the two coils closer to- 
gether, by increasing the area of the coils, or 
by turning the two coils into a more favorable 
orientation with respect to each other. 

The mutual inductance between two coils 
can be greatly increased by using a ferromag- 
netic core which extends through both coils. A 
given change of primary current will then pro- 
duce a larger change of flux in the secondary, Fig. 326 
provided the core is not already saturated. 

For any given arrangement of two coils with air cores, the value of M will be constant for 
all values of the primary current. This is true because the flux density at any particular point 
is strictly proportioned to the primary current. If a ferromagnetic core is used to obtain a 
larger value of M, the flux will not be strictly proportional to the primary current and the value 
of M may be different for different primary currents. 


' 327. Self-inductance. When a current I, flows in a circuit, there will in general be mag- 
netic flux through the circuit due to this current. If the current changes, the flux through the 
circuit will change. This will induce an emf around in the circuit that carries the current, just 
as it will in any other circuit through which the flux passes. The induction of an emf in the cir- 
cuit that carries the changing current is called self-induction. 

The self-induced emf E, in a circuit depends on the rate of change of the current J, in the 
same circuit, and thus dependence can be expressed by the equation 


E, = - L(dl,/at). (827-1) 


“Here L is a factor depending on the geometry of the circuit, and it is called the coefficient of 
self-inductance. The negative sign in the equation indicates that E, and I, are opposed to each 
other when I, is increasing. When I, is decreasing, dI,/dt will be negative, and E, and I, will be 
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t with the general rules al- 

in the same direction, These directional relationships are consisten 

Teady given for the direction of any induced emf, 
By writing Eq. (327-1) in the form : 


L =~ Gi /at) 


f-induced emf per 
we see that the coefficient of self-inductance is Set a a ee umpere per: re 
unit rate of change of current: “Eq. (827-2) also shows tha’ ok well as for mutual inductance, 4 
henry) can be used as a unit for measuring self-inductance f of one volt is induced in the eir_ 
circuit will thus have a self-inductance of one henry if an emf o: a 

cuit when the current changes at the rate of one ampere per second. 


$28. Self-inductance of a Coil. Any circuit or any part of a oo var! oe Wa. 

amount of self-inductance. The property of self-inductance is mos micinthve senna Gieeant 
ducting path such as a coil where adjacent turns of wire carry curre ay thine ey considering 
The way in which the self-inductance is increased by adjacent turns may ter. In that case, the 
a fat circular coil in which all the turns have practically the same ie eh turns. For 
self-inductance L will be approximately proportional to the square of the mit Os Racote ii 
example, doubling the number of turns through which the current I, flows through twice 
of flux; the induced emf will then be doubled again because this doubled flux Passes oug! 
as turns. 

“tte dexired, the self-inductance of a long piece of coiled wire can be reduced bya Fe of 
duplex winding so that wherever there is a current flowing in one direction there will also be a 


(327-2) 


one wire of a pair will be neutralized by the opposite current in the other wire. If there is no 
resultant field, there can be no flux to induce an emf. 


The self-inductance of a coil can be increased by use of a ferromagnetic core which will 


So that its magnetization will follow closely the changes in current, 


to start the current is stored in the magnetic field of the current, since the induced emf depends 
upon the magnetic field. 


The amount of energy stored 


emf E in the path during this time. This emf 
will be equal to L(dI/dt) and it will act in the direction of the current. Thus the induced emf will 
nded by the induced emf in the path will be 


- Fora uniform rate of decrease, 


(329) 
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The striking analogy between self-inductance and mechanical inertia may be seen by com- 
paring a number of equations in mechanics and in electricity. For example, we see that the me- 
chanical equations listed in the first column below have the same forms as the respective elec- 
tric equations in the second column if we take L to be analogous to the mass m, I to be analogous 
to the velocity v, and E to be analogous to the force F. 


F = m(dv/dt) E = - L(dl/dt) 
Energy = Fvt Energy = Elt 
K.E. = mv?/2 Energy = LF/2 
Chapter 33 


CURRENTS WITH CHANGING MAGNITUDES (continued) 


330. Growth and Decay of Currents in Circuits Having Self-inductance. If an emf E is ap- 
plied to a path having a total resistance R and a self-inductance L, there will also be an induced 
emf E, equal to - L(dI/dt) whenever the current is changing. The emf E, that must be applied 
to overcome Ej will be opposite to E; and therefore equal to + L(dI/dt). The emf E, that must 
be applied to overcome the resistance will be IR. Hence the total emf E that must be applied 
will be E, +Ex,or 


E=-L $ +R (330-1) 
This equation may be written in the form 
L2-E-R (330-2) 


to show how the current will increase at any particular time. The equation states that the volt- 
age L(dI/dt) which goes to increase the current is equal to the total applied voltage E, less the 
voltage IR required to maintain the existing current in the resistance. At first, before I has ac- 
quired any appreciable value, IR will be zero and all of the applied voltage will go to give a 
maximum initial rate of increase of current equal to 

dE 

aL (when t = 0) (330-3) 
As the current increases, more of the applied voltage E will be used up in the IR drop, and less 
will be available for increasing the current. Thus dl/dt gets less as I gets greater. Finally, the 
current will approach asymptotically a value which uses all of the applied voltage in the IR drop, 
and there will be no further increase in the current. When this steady state is reached, di/dt = 0 
in Eq. (330-2), and hence 


O-E-IR or 1=E/R (830-4) 


It follows from above that a graph of I plotted against t will start from the origin with an initial 
slope dI/dt equal to E/L, the slope will decrease as t gets larger. For large values of t the 
graph will approach a straight horizontal line for which I has the constant value B/R. Two such 
curves are shown in Fig. 330. Note that the larger the inductance, the more slowly the current 
will increase for a given emf, E. Hence self inductance tends to give a circuit a sluggish res- 
ponse to applied emfs. 

If a current I is flowing in a closed circuit of resistance R after an external emf E is 
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removed, Eq. (1) or (2) will apply 


with E made equal to zero. Thus we I 
may write 
al _ eR 5 
a""Lt (330-5) i 


This equation has the same form as 
Eq. (321-5). Here we have I as the 
dependent variable instead of V, and 
L/R as a constant term instead of 
1/RC. The curve of I vs t will ac- 
cordingly be an exponential curve to 
which the equation 

I “ L/R 

= 
applies, with I, being the initial value of the current when it starts to decrease. Thus L/R is the 
value of t for which I = .3681,. (See Sect. 322). 


331. The Induction Coil. Temporary surges of high voltage can be obtained from a relative- 
ly low voltage source by using an induction coil. One common form of induction coil shown in 
Fig. 331 is used to furnish the ignition spark in an automobile en- 
gine. These coils are made with a secondary coil of many turns 
wound over a primary coil having an iron core. The current in 
the primary is furnished by the six-volt storage battery. When 
the contact points C in the primary circuit are closed, the current 
I, builds up rather slowly, giving a relatively small induced emf 
in the secondary. When the contact points are opened, the pri- 
mary current must stop very abruptly, giving a rapid rate of de- 
crease in the flux through the secondary coil. This induces a 
relatively large emf in the secondary coil, which causes a spark 
to jump across the gap of a spark plug s. In motor cars, the con- 
tact points are opened and closed mechanically at the proper 
times to ignite the charges of gas in the respective cylinders, 

Induction coils for various other purposes may be constructed so that the contact points in 
the primary circuit are opened and closed by a self-sustained vibration, using a mechanism like 
that of the common electric door bell. 


Fig. 330 
(330-6) 


NZ 
s 


Fig. 331 


Chapter 34 
ALTERNATING CURRENTS 


340. Alternating electric currents that change back and forth in direction are of great inter- 
est for a number of reasons. They are widely used in the transmission of electric power for in- 
dustrial and domestic applications. They are involved in the electric transmission and repro- 
duction of sound. In the form of electric oscillations, they occur as an essential feature in most 
of the radio and electronic devices which are so widely used today. 

Although the same fundamental principles of electricity and energy apply to all currents, 
there are a number of special ideas and relationships that apply to alternating currents alone. 
We will now consider some of the outstanding characteristics of these currents. 
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941. Sinusoidal Emfs and Currents, A alnusoidal alternating emf e such as in induced Ina 
rotating coil (Sect. 310) is one that can be desoribed by the equation 
oO By sin ut ta) (341-1) 


stantaneous value of the f Th 
Here ¢ Is the ins' emf at atime t, while £,,w, and a@ are constants. je 
meanings of these constants are indicated in Fig, 941, where a graph ot Eq. (341-1) is shown. 
phe reference circle associated with the sine curve ts also shown in the figure, The sine curve 


Fig. 341 


is shown continuously from a time of zero to a time a little over two periods later. The position 
of the rotating vector is shown for one particular time t, as indicated. The constant E, is the 
maximum value of e. In other words, it is the maximum ordinate of the sine curve. E, is also 
the length of the rotating vector in the reference circle. The value of e at any time is the ver- 
tical component of the rotating vector at that time. 

The angle (wt + ot), of which the sine is taken in Eq. (841-1), is called the phase angle. This 
is also the angle that appears in the reference circle between the zero line OD and the rotating 
vector A. The constant w is the angular velocity with which the vector A rotates. For an emf 
generated by a coil rotating in a uniform maghetic field, wis the same as the angular velocity of 
the rotating coil. The angle @ is the value of the phase angle when we start counting time, that 
is whent = 0. The angle added in any subsequent time t will then be wt, so that the total angle 
at the time t will be wt +a@ as shown in Fig. 341. For any given sinusoidal quantity, we can ar- 
pitrarily make a equal to zero by starting to count time when the whole phase angle for that 
quantity is zero. Mathematically this means that if t = 0 when (wt +a@) = 0, then a = 0. 

The sinusoidal changes associated with one complete revolution of the reference vector is 
called a cycle. The period P is the time required for one cycle. Since there are 27 radians in 
one revolution, it follows that 


w= 27/P (341-2) 


The frequency f of an alternating voltage is the number of cycles per second. Thus we may 
write f = 1/P and 
Ww = 2rf (341-3) 


The graph and reference circle for an alternating voltage in Fig. 341 can be adapted to rep- 
resent an alternating current by merely marking the vertical scale to represent current instead 
of voltage. Equation (341-1) can also be adapted to represent a sinusoidal current by writing i 
and I, for e and E, respectively. 


342. Poly-phase Alternating Currents. An alternating current in a closed circuit which 
obeys the equation i = i, sin Wt + @) is referred to as a single-phase current. Some applica- 
tions of alternating currents involve several simultaneous currents with the same frequency but 
with different phase. For example, some applications use two currents with one 90° ahead of the 
other in phase. Such currents can be obtained from a generator that has two separate rotating 
coils mounted on the same shaft with one coil rotating 90° behind the other. If we start counting 
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then the emf e, 4 
ime so that the emf in the first coil is given by e, = E, sin Lap: tet use a an ine 88cong 
Coil will be e, = E, sin Wt - 90°), Two-phase generators like a rnp be ecmeae, Pair 
of wires for each coil, making a total of four wires. The two circu cally Sep- 


t end. 
arate unl cted together at the outpu 
Thies phase enna are te with three similar coils mounted on the same shaft, each 


Coil being 120° behind the preceding one in phase. To carry ad patsy eral enon 
completely separate circuits requires three pairs of wires. ircuits may be had with onl + 
return wire may be used for all threé circuits, so that three circ tawthe entars wt y four 
wires. If the loads in the three circuits are balanced, the net ein 4 ire is not nece a 
zero because one will neutralize the other two, and hence the ipo al three a . 
that case, the output of a three-phase generator can be carried w eaela phase enetat: 

Since poly-phase generators consist essentially of two or more s i g' : ors 
mounted on the same shaft, the same fundamental alternating circuit theory will apply to al) ex- 


cept for differences in detail. 


ng i Path. An alternating emf applied to some paths 
343. Alternating Current in a Resistive veer. 


i instant, 
gives a current that is strictly proportional to the voltage at every . 
Portionality factor that applies for constant currents. Such a path is said to be a purely resistive 
Path having a resistance R given by the equation 
R= e/i. (1) 


In a resistive path, the current must increase and decrease along with the emf. Hence if the 
emf is sinusoidal, the current will be sinusoidal and it will be in phase with the emf. Stated 
mathematically, if e = E, sinwt, then i= 1, sinwt. Note that since e/i = R for any simultaneous 
pair of values of e and i, and since e and i both have their maximum value at the same time, 


R=E,/l. (2) 


344. Power Expended in a Resistive Path. The amount of power P expended by an emf driy- 
ing an alternating current through a resistive path will vary from one instant to the next accord- 
ing to the changing value of the current. This power will be expended in the form of heat. The 


general equation 
P=?R 


holds at every instant for such a path whether the current is constant or changing. Since heat is 
produced by a current without regard to its direction, an alternating current will produce heat in 
pulses. There will bea “peak” of heat production whenever the current reaches its maximum in 
either direction, so that the frequency of the heat pulsations will be twice the frequency of the 
alternating current. For example, a 60 cycle 
current furnished by a commercial power line 
will give 120 pulses of heat each second. When 
such a current flows through an ordinary incan- 
descent lamp, the thermal inertia of the filament 
keeps the fluctuation of the temperature so small 
that it can hardly be noticed. 

A graph of the rate of heat production plotted 
over a complete cycle may be made by plotting 
values of i? R against the phase angle. Since 
R= KR sin’ wt, where |, and R are constants, 
this curve will be like a curve of sin? wt except 
for the marking of the scale along the ordinate, 
A graph of sin? wt over a complete cycle is 
shown in Fig. 344 with the corresponding current 
curve shown for comparison. The curve for Fig. 344 


sin* wt 
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sin?w t can be made by using the squared values of sines of angles from 0° to 360° as found in 
mathematical tables. The same graph can also be made with less labor by noting that 


Det wd wd 
sin’wt 27 3 °°8 2wt 
Thus a simple cosine curve of twice the angle plotted on an axis 1/2 of a unit above the axis of 
the figure will give the same result. 


345. Average Rate of Heat Production. The rate of heat production in a resistive path will 
have its maximum value of RR when the current has its maximum value of I, in either direction. 
The average rate of heat production will be considerably less than this amount, and will be equal 
tothe value of i? R averaged over any whole number of periods. The relationship between the 
average rate of heat production and the maximum rate can be found mathematically. To do this 
we may write 


Avg. value of i? R = Avg. value of (I7R sin’w t) (345-1) 
= KR x Avg. value of (sin*wt) (345-2) 

= BR x Avg. value of G -} cos 2wt) (345-3) 

= KR/2 - BR x Avg. value of (cos 2wt)/2 (345-4) 

="BR/2 , (345-5) 


The last step follows from the fact that the average value of the cosine over any whole number 
of cycles is zero. 


346. The Effective Value of an Alternating Current or Voltage. The effective value I of an 


alternating current is the value of a constant current that will produce heat at the same rate in 
a given resistance, assuming that the rate for the alternating current is averaged over a whole 
number of cycles. In other words, we can write 


FR = avg. value of #R. (346-1) 
It follows from Eq. (345-5) that 
FR=BR/2 (346-2) 
or FP =8/2. (346-3) 
Hence I=.7071, (346-4) 
The cancellation of R in Eq. (346-1) gives 
I= Yavg. value of © (346-5) 


This states that the effective value I of a sinusoidal current is the square root of the average (or 
mean) value of the squares of the instantaneous values. For this reason, the effective current is 
sometimes referred to as the root-mean-square current. It should be noted that this root-mean- 
square value is not the same as the average value of the unsquared current. The average value 
of the unsquared current is equal to the total charge transported divided by the time, and the 
total charge transported by an alternating current in any number of complete cycles is always 
zero. 

The effective value E of an alternating emf is the value of a constant emf which could be 
applied to a resistance R to produce heat at the same average rate in a given resistance, as- 
suming that the alternating emf is applied for any whole number of cycles. Thus E = IR, where 
lis the effective value of the current which flows when the a.c. emf is applied. Since E, = 1,R, 
it follows from Eq. (346-4) that 


E = .707E, 
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fs and currents ; 
cify alternating em 8 inter 
and specify means that 110 volts is the effective 
we use the symbols E and 1 Without 


It is the universal practice to measure 
of their effective values, Thus, an a.c. emf of 110 volts 
value unless definitely specified otherwise. For this reason, 
any subscript to represent the effective values. Knee 

. An alternating curren Tough a 
wee ao ae the changes in the current. Thig exit ie 
in addition to the emf iR that is required to maintain a current ae of the path, 
The difference between the two emfs may be illustrated by a mec _ ae ae e emf re. 
quired to overcome inductance is analogous to the force that is ay i pate — sagas inertia in 
moving a heavy body back and forth along a path, The emf require pinepaen ite 
through a resistance is analogous to the force required to overcome ing a body 
al : 

he geeetai, an electric path will have some resistance and some epee but in this see. 
tion we will consider the flow of current through an ideal path which has , ductance but no re- 
sistance. This is analogous to considering the motion of a body along an ee tee there 
is no friction, so that the only force required will be that needed to ee t e inertia in 
starting and stopping. A close practical approximation to such an ideal e ec! 7 path can be had 
in the form of a large coil of many turns, using copper wire to keep the ait small. 

In a purely inductive path, the applied emf must be equal and opposite to the self-induceg 
emf in the path. The self-induced emf is - L di/dt, and hence the applied emf e will be given by 


e = L(di/dt) (347-1) 


The absence of the negative sign in this equation means that the applied emf must be in the same 
direction as the current to produce an increase in the magnitude of the current. 


347. Alternating Currents in In 
with inductance requires an alternating em 


To find the relationship between the emf and current when a sinusoidal current flows ina 
path of inductance L and negligible resistance, let us draw a sine curve to represent the current 
plotted against time. Whenever the value of the current is increasing, there must be an applied 
emf in the positive direction, equal to L times the rate of increase of the current. For example, 
there must be a positive emf between D and G on the figure. This emf will have a maximum 
value at F, since the current curve is rising most rapidly there, and will taper off to zero at G, 
where the current curve is momentarily horizontal. Whenever the current curve is decreasing, 
as between G and J, the emf must have a negative value, with its maximum negative value at H 
where the downward slope of the current curve is greatest. Thus the complete curve for the ap- 
plied emf as shown by the broken-line graph could be drawn by making its ordinate at any point 
equal to L times the slope of the current curve at that point. 

It can be shown by calculus that in order to produce a current having the form 


\ 


e i=I, sinwt, (347-2) 
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the applied emf e must obey the equation 


e = Ey sin (wt + 90°) (347-3) 
where the maximum emf E, is given by the equation 
E,=IwL! (347-4) 


To show what it means for the emf to have a phase angle (wt + 90°) while the current has an 
le wt, corps bs mo a time when t = 0. At that time the phase angle of the current 
js 0° while that e em: : S 90°. This is shown on the reference circle for t = 0 in Fig- 347. 
As time goes on, both angles increase at the same rate w, and hence the two vectors in the ref- 
nce circle will rotate together with the voltage vector always 90° ahead of the current vector. 
a ee is — pnesiayt described by saying that the emf is 90° “ahead” of the current 
with regard to phase. it may also be described by sa: that i) = current 
90°, or that the current “lags” behind the emf by 90°. es a ee is 
The significance of the difference in phase between the emf and current may also be ob- 
served by again noting the curves of Fig. 347. There the curve for e comes to a “peak” at an 
earlier (i.e., smaller) time than does the curve for i. This difference in time is one quarter of 
which corresponds to a difference in phase angle of 90°. 


ere! 
Such 


a period, 

348. Alternating Currents with Capacitors. An alternating emf applied to a capacitor, will 
give repeated cycles of charge and discharge in opposite directions. For an ideal cacealton, any 
charge placed on one terminal requires that an equal charge must 
be removed from the other terminal, as indicated in Fig. 348-1. 

Thus it appears from the outside as if the charges flow “through” 

the capacitor when it is being charged or discharged. It is there- slic 5 
fore common practice to treat a capacitor as a conducting path 

for alternating currents, although no charge actually crosses be- Fig. 348- 
tween the plates inside the condenser. However, it must be re- 

membered that the behavior of the capacitor as a conducting path differs considerably from that 
of a purely resistive path, as will be pointed out in what follows. 

The relationship between a sinusoidal emf applied to a capacitor and the current through the 
capacitor is shown by the two curves labeled e and i respectively in Fig. 348-2. The charge q 
on the capacitor at any instant is pro- 
portional to the voltage e at that in- 
stant, according to the fundamental 
relationship q = eC. The maximum cane soor 
positive current will therefore occur 
when the charges are flowing into the 
capacitor most rapidly; That is when 
the emf is increasing most rapidly. 

For example, a maximum of the cur- 

rent curve occurs at a time 0 when 

the voltage curve is crossing the 

axis with its steepest upward slope. 

There will be no current a quarter 

of a period later at a time A, be- 

cause the voltage has stopped in- 

creasing and has not yet started to Fig. 348-2 


1. i=, sin ot] then di/dt = wl, cos wt. Thus we may write 


e=L 7 = WLI, sin (wt + 90°). 
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Since Eg is the maximum value e, it follows that E, =» Li. 
———) 
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i-[, sinuwt 
he form 


Et can be shown by 
(248-45 


where the maximum value E, of the emf is given by 
E, = 1,/wC.' 
of the emf in Bq, (248-2) means that the emg ls 
circles drawn for the current and emf a4 die 


The -90° which appears in the phase angle 
90° behind the current in phase. Thus reference Eastgate 
time appear as shown in Fig. 348-3. As time goes on these ve ne 
tate together with the voltage vector always 90° behind the current v 
tor. This difference in phase appears between the two curves in Fig. 
348-2, where the peak of the voltage curve occurs one quarter of a 
Period after the peak of the current curve. 

The relationship E, = I, /wC may be written in the form I, = E,wC 
to show that the current through a given capacitance due to a given emf 
Will be proportional to the frequency. At a higher frequency, the same 
charge must flow in or out in a shorter time, so that the current is 


larger. 
‘ 349. Impedance of a Path. In dealing with direct currents it was 
‘ound possible to describe a simple conducting path by specifying its 
resistance, where the resistance was defined as the ratio of voltage to current, In order to de. 
between the wamatiné current path completely, it is necessary to specify the difference in phase 
as well as the ratio of v 
in phase and the ratio of 


magnitude. For exampie, i 
E, /I, is R. In a path through a pure inductance, the emf is 90° ahead 
Path through 2 capacitor, the emf is 90° behind the current in phase ani 


ected to a sinusoidal emf having ¢ 


will result if a capacitor is subj 
e-E, sin Wt - 90°), 


Fig. 346-3 


2 Band 6 = Ofor a path through a resistance (34: 
“WL, and ¢ = + 90° for a path thr is 
Mis ee ough an inductance (349-2) 
, = 4 path through a capacitor 
(249-3) 


Eos ( 2 
am (et - 90°), and q = ec *BED 4 = EoC sin (ut - 99°) From this it follows that 


is 2 = EgwC cog (ot - 90°) 


1. iWe= 


or 
i= Eye sin wt, 


Since I, i i 
I, is the maximum value of i, we can write I, 
= EqwC or 
Eo = Ib/oc, 
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Since Z is a ratio of emf to current, it may be expressed in the same units that are used for re- 
sistance. In fact, resistance may now be regarded as one of several types of impedance, all of 
which are measured in ohms. Any impedance in which the voltage 1s 90° out of phase with the 
current is called a reactance, and is represented by the symbol X, The type of impedance that 
has an angle of +90° is called a positive, or inductive, reactance. The type that has an angle of 
-90° is called a negative, or capacitive, reactance, 

Since impedance has a magnitude and an angle, it can be represented by a vector. The rep- 
resentation of an impedance by a vector can be illustrated by considering the impedance when it 
has an alternating current of one ampere, and at one particular in- —- 4vor 
stant when the phase angle of the current is zero. The rotating vec- 
tor for the current I will then be one unit long and will have an an- 
gle zero as shown in Fig. 349. Let us assume for example, that 
the corresponding emf has an effective value of 4 volts and that it 
leads the current by 60° as shown. This means that the impedance 
is 4 ohms with an angle of 60°. We therefore see that this impe- 
dance can be represented by the same vector that represents the 
emf ona scale of 1 ohm for each volt. If I is not 1 ampere as as- 
sumed, the vector for E will still represent the impedance, but not 
ona one to one scale, For example, if I = 2 amp, then a length that 
represents 1 volt will represent only .5 ohm, and so on. 

As time goes on, the vector for the emf and the current will 
rotate together. This means that the magnitude and the angle of Fig. 349 
the impedance remain constant. It is the general practice to draw 
an impedance vector with its angle measured relative to a fixed zero direction extending to the 
right. Thus the vector representing a given impedance remains fixed as time goes on. The ro- 
tating emf vector will coincide in direction with the impedance vector only if we draw the emf 
vector at a time when the angle of the current vector is zero. 


Z= 4ornm 


Te lane _ 


Chapter 35 


THE MEASUREMENT OF ALTERNATING CURRENTS AND VOLTAGES 


350. The measurement of alternating electric quantities generally involves different instru- 
ments from those used for direct currents. However, special meters can be made to measure 
alternating currents and voltages, and a.c. bridge circuits similar to the wheatstone bridge can 
be used to make comparative measurements. One difficulty always present in a.c. measure- 
ments is the impossibility of obtaining paths that are purely resistive, purely inductive, or pure- 
ly capacitive. The characteristics of any path through any measuring circuit will therefore de- 
pend on the frequency of the alternating current. This means that instruments and techniques 
which are suitable at one frequency may not be good at other frequencies. In this book we will 
have space only to mention a few of the different types of a.c. instruments, without discussing 
measuring techniques in general. 


351. Moving-Coil a.c. Meters. An ordinary moving coil meter cannot be used to measure 
alternating currents because the coil has too much inertia to follow the alternations. An alter- 
nating current flowing through a d.c. meter will produce only a slight vibration of the needle 
about its zero position. A moving-coil meter can be made to indicate an alternating current by 
using an alternating magnetic field instead of the fixed field of a permanent magnet. The con- 
struction of such an instrument is mechanically like that of a watt-meter (Sect. 241) but the 
electric connections are different. In an alternating current meter, the two coils are connected 
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354. Cathode Ra: Oscillograph. The cathode ray oscillograph is one of the Most usefy} in- 
struments for measuring alternating currents and voltages. Among other things, it can be 
to automatically draw a graph of an alternating current or voltage plotted against the time. This 
curve is formed on the screen of a television tube. It shows both the phase and the Magnitude of 


The oscillograph tube includes an electron gun FGP (See Sect. 57) that shoots a stream of 
electrons against a fluorescent screen on the flattened end A of the evacuated tube illustrateg in 


voltage to be measured is applied be- 
tween D and D', the deflection of the 
luminous Spot will be Proportional to 


applied voltage directly, One great Fig. 354-1 


4 measuring device is that there is very little time lag between the application of a given voltage 


and the resultant deflection of the indicating spot of light. Thus it indicates a voltage even if the 
voltage is changing rapidly. 
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Cathode ray tubes are usually provided with two pairs of deflecting plates placed so that 
the beam passes through one pair after the other and either pair can deflect the beam independ- 
ently of the other, One pair of plates is placed to deflect the beam vertically while the other one 
is placed to deflect it horizontally. 

To use a cathode ray tube to plot a graph of an alternating voltage against the time, the volt- 
age is applied to produce a vertical deflection. At the same time, a uniformly increasing volt- 
age is applied to the other set of plates to give a horizontal motion of the spot across the face of 
the tube. Thus the path of the luminous spot on the screen of the tube will be a graph of the al- 
ternating voltage plotted vertically against a horizontal time axis. The horizontal “sweep” volt- 
age is usually obtained by slowly charging up a capacitor through a resistance. At the end of the 
sweep, the capacitor is suddenly discharged to return the spot to its starting position ready for 
the next sweep. The occurrence of the sweep cycle may be electrically synchronized with the 
sine wave to be observed so that each successive sweep will give a trace which is a duplicate of 
the preceding one, thereby permitting continuous observation. 

Various types of fluorescent materials are used on cathode ray screens, depending on 
whether the curve is to be photographed or observed directly. For general use, it is desirable 
to have the visible effect of the beam persist for some little time after the beam passes over a 
given point. With such a screen, the first part of a curve will still be visible when the last part 
is finished. 

A cathode ray tube as described above measures voltage. It can be used to measure a cur- 
rent by making the current flow through a known resistance, and measuring the potential drop 
across this resistance. Since this drop is proportional to the current for a given resistance, the 
scale on the screen can be marked to read directly in amperes if desired. 

Instead of using a voltage between parallel plates to deflect the beam in a cathode ray tube, 
the beam can be deflected by the magnetic field of a current flowing in coils placed outside the 
tube. Such coils must be placed so that they produce a magnetic 
field perpendicular to the electron beam inside the tube. For ex- 
ample, a pair of coils could be placed as shown in Fig. 354-2 to 


give a downward deflection to a beam of electrons moving in to I 
the paper between the two coils. The circle between the coils in 
this figure represents a cross-section of the narrow neck of the 


tube, looking toward the screen. With magnetic deflection of this 
type, the deflection of the spot on the screen is approximately 
proportional to the current in the pair of deflecting coils. Fig. 354-2 


Chapter 36 


ALTERNATING CURRENTS IN CONNECTED PATHS 


360. Alternating Emf in Series Paths. When two emfs are connected in series, the total in- 
stantaneous emf e applied in the combination must be the sum of the instantaneous emfs e, and 
e, in the two paths. This relationship follows because the principle of conservation of energy 
must hold at all times, including any particular instant. Thus we may write 


e=e,+e@,.. (1) 

If e,, e, etc., are sinusoidal emfs they may be expressed in the usual form and we can write 
e = (E,), sinwt +@,) + (E,), sinwt +a,) (2) 
The resultant e plotted against the time will thus be a curve obtained by adding two sine curves. 
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vector for the sum is the resultant of all the rotating vectors for all the curves to be wdleg, 
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Oe, tA. (861-1) 
If the current i is an alternating sinusoidal current, we may write 

i=] sinwt, (901.9) 
Then @e =QRsinwt or ey = (Boy sinwt (961.9) 
and & = wl sin wt + 90°) or e, = (By) sin (wt + 90%), (8¢1-4) 


The total e will thus be the sum of two sinusoidal quantities which have reference Vectora rotate 
ing with the same angular velocity w. As pointed out in the preceding section, e will also bea 
sinusoidal quantity that may be written in the general form 


e = Ey sin ot +a) (861-8) 
The values of E, and o¢ for this resultant emf may be found by finding the rotating vector for e, 


respectively, The diagram for adding these vectors is shown in Fig, 361-1 for a time when t= Q 


Since the length of these vectors represent Ky, (Eq), and (Ey) respectively, and aince the two 
vectors for (Eg)z and (E are 90° apart, it follows that 


E,* Viet), + (8), . (861-@) 


Also the vector for Ey will be ahead of the vector for (K.), by an angle e& such that 
tanat = (&), /(B,), . (361-9) 


Fig. 361-1 shows the position of all three rotating vectors atatime t= As time goes ON 
all three vectors rotate together with the same angular velocity w,. The three Correxponding 
sine curves for e,, e,, and e are shown in Fig, $6)-3, Fig. 361-2 shows the rotating vectors at 
a time t = 1/8 period. Note that for any time such ast « (1/8)P, the ordinate for the e-curve is 
the sum of the ordinates for the ©, “Curve and the e, -curve at that time, 

¥ we multiply each Ey in Eqs. ($61-6) and (961%) by 707, we get 


E- YER+ Ee? (361-8) 
tan a = E/E, (361-9) 


At t-0 At t=P¥e8 From t+o to t= 2-1/6 period 


Fig. 361-1 Fig. 361-2 Fig. 361-3 


362. The Vector Addition of Impedances in Series. The emf e required to send a current 
i=1, sinwt through a number of impedances in series will in general have some magnitude E, 
and some phase angle Wt +a). The values of E, and o will de- 
pend on the combination of impedances. An impedance with a 
magnitude E,/I, and an angle a is called the equivalent impedance ¢ € 
__of the combination. -—— ¥ 

The equivalent impedance of several impedances in series 
can be found by adding the separate impedances as vectors. To 
show why this is true consider an inductance L and a resistance 
Rinseries. The effective emfs across L and R and the emf 
across the combination are related as shown in Fig. 362-1 fora 
time when the phase angle of the current is zero. The vectors 
representing the emfs will then coincide with the vectors for the 
impedances according to Sect. 349. The respective impedances 
will thus be as shown in Fig. 362-2. This shows that the impe- 
dance Z of the series combination is the resultant of the vectors 
R and wL, just as E is the resultant of E, and E, in Fig. 362-1. 
To illustrate with numerical values, let us suppose that I = 10 
amp while E, = 30 v, E, = 40 vand E=50v. Then R = 3n, Fig. 362-1 
wL = 4n, Z = Sand the angle ¢ is equal to the angle a. The magnitude 
of Z is thus given by 


iL —- 7Z 
z= YRP+ LP (362-1) 
and the angle ¢ of the impedance is given by the equation bated 


| 

| 

iT 

tang =wL/R. (362-2) | 
\ 

\ 


363. Series Combination of R, L and C. In any series combination 
of paths, the current is the same for all the paths and the instantaneous 
value e of the voltage across the combination is the sum of the instan- Fig. 362-2 
taneous voltages across the separate paths. Thus the rotating vector 
for e will be the resultant of the rotating vectors E,, E, and E, that apply to the inductance, re- 
sistance and capacitance respectively. Fig. 363 is a vector diagram showing the addition of 
these vectors to give a resultant E. This diagram is drawn for a time when the phase angle of 
the current is zero, so that all angles shown will be relative to the angle of the common current. 
The addition of the three vectors E,, E, and E, in Fig. 363 has been carried out by first 
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adding E, and E, , and then combining that resultant as Fie 
Single vector with E, to get the resultant of all pee and 
is done because E, and E, are opposite to each ot a fois 
hence can be combined by simple algebraic addition. iven 
lows from the diagram that the magnitude of E will be g 

by 


E = VEL+ (BE, - Ee) 
It is to be noted on the diagram that the voltage sali 
whole combination may be less than that across the i : 
tance alone, or less than that across the capacitance alone. 
It cannot, however, be less than that across the resistance 
alone. 


364. Impedance of a Series Combination of R, L and C. 
Ifa resistance R, an inductance L, and a capacitance C, are 
Connected in series, the resultant impedance of the 
Combination may be found by adding the vectors of the 
s€parate impedances as explained in Sect. 362. A vec- 
tor diagram showing this addition is given in Fig. 364. 
Since WL and 1/wC are directly opposite, they have 
been added first by simple algebraic addition to give a 
single upward vector having a magnitude (wL - 1/wC). 
This vector is then combined with the vector R to give 
the resultant Z of all three original vectors. It follows 
from the figure that 


Z = YR? + (wL - 1/oC* (364-1) 


and the angle ¢ of the resultant impedance will be such 
that 


Fig. 363 


Fig. 364 
tan@ = WL - 1/wC)/R (364-2) 
E 
365. Resonant Circuits. Ifa given emf E be applied to an inductance 
L, a resistance R, anda capacitance C in series as shown in Fig. 365-1, 
the current I will be given by Eq. (364-1) as ri é 


Ts z (365-1) 
VR? + (WL - 1/wCP = 


If the frequency be varied with a constant emf, there will be one particu- 
lar frequency for which the term (wL - 1/wC) is zero. At that frequency, Fig. 365-1 
the denominator of Eq. (365-1) will be less than for any other frequency, 
either larger or smaller. Hence the current will be larger for 
that frequency than for any other. This critical behavior of a 
series combination of L,C, and R is illustrated in Fig. 365-2 
where the current I is plotted against the angular frequency w for I H 
a constant applied emf. 
Circuits in which the ratio of current to voltage has a maxi- U 
mum value at some particular frequency as illustrated in Fig. | 
365-2 are called “resonant” circuits. The frequency at which | 
the current is a maximum is called the resonant frequency w,. 
Since resonance occurs when 


(WL - 1/wC) = 0 (365-1) Fig. 365-2 


We on 
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it follows that 


gemiias 365-2) 
WoL ane ( 
and 
Wy = 1/VLC (365-3) 


The significance of resonance as seen on the impedance diagram of Fig. 364 1s that the two 
vertical vectors wL and 1/wC will be equal and opposite and thereby cancel each other. Hence 
the total impedance of the combination at resonance has a minimum value simply equal to the 
resistance R. 

The peculiar property of resonant circuits as illustrated in Fig. 365-2 makes them suitable 
for use as selective “tuning” circuits in a radio receiver. In such a receiver, emfs of different 
frequencies from different broadcasting stations are all applied in the same series circuit. By 
means of a variable condenser, the resonant frequency of the circuit can be adjusted so that the 


current produced by the emf from one particular station will be relatively large while the cur- 
rents from the other emfs are negligible. 


Chapter 37 


POWER IN A.C. PATHS 


370. Power Expended in an A.C. Path. Po or. The power expended in an a.c. path 
at any instant will be the value of the emf e multiplied by the value of the current 


ij at the same instant. Since both e and i fluctuate in value, the product ei will also fluctuate in 
value from one part of a cycle to the next. 

To write an expression for the average expenditure of power over any whole number of 
cycles, let us consider any interval of time starting when the phase angle of the current is zero. 
The values of i and e may then be written 


i=], sinut (370-1) 
and e=E, sin @t+¢). (370-2) 


Here @ is the angle by which the emf leads the current in the path under consideration. In other 
words, ¢ is the angle of the impedance of the path. From these expressions it can be shown by 
trigonometry (See Sect. 371) that the average value P of the product ei is given by 


P=Elcos¢. (370) 


Here E and I are the effective values of the voltage and current respectively. The quantity cos¢ 
is called the power factor of the path under consideration. 

For a purely resistive path, the angle ¢ is zero, and the power factor cos ¢ is unity. The 
power expended in a resistive path is thus EI, or PR. For any other type of path, whether the 
voltage leads or lags the current, the power factor will have a value less than unity. For either 
a pure inductance or a pure capacitance, the value of the power factor is zero. This means that 

Tc path regardless of how much current flows in the path. 

‘An examination of the curves.of e and i for an inductive path as given in Fig. 347 will show 
why the average expenditure of energy is zero in any path where ¢ is 90°. ,Note that during the 
first half of the surge of current between the points A and B, the emf is in the same direction as 
the current and the emf expends energy. During the second half of the same surge of current, 
(that is from B to C on the figure), the emf is reversed and the current does work on the emf 
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871. Derivation of Expression for Average Power, To derive oy yes the aver. 
age power given in Eq. (370) above, let us write the expression for the power in 
the form 

peei= E, sin t+) x I, sinwt. (371-1) 
Here ¢ is the angle of the impedance to which the equation applies. Expanding this product by 
trigonometry gives ; 
p= Egy (sintw t cos in sinwt coswt sind ). (371-2) 
The average value of sin? wt over any whole number of periods is 1/2. (See Sect. 345), Since 
Sinwt coswt = (sin 2wt)/2, the average value of the last term in Eq. (371-2) is zero. Thus the 
average value P of the instantaneous power p taken over any whole number of periods will be 


given by 
P = (Eg1,/2) cosd (371-3) 
or P = Elcosdé (371-4) 
Chapter 38 
TRANSFORMERS 
380. A transformer is a device to convert the voltage of an al- 
ternating power supply to either a higher or lower voltage. By the 
use of transformers, the power from an ordinary 110 volt outlet can 
be stepped up to operate a 100,000 volt x-ray tube or stepped down 
to operate a 10 volt toy train. The possibility of changing the Pp s ic) 


available power in this way by relatively simple transformers is 
one of the great advantages of a.c, power over d.c. power. 

The essential parts of a transformer are a “primary” coil P 
which is connected to the source of power, a secondary coil S in Fig. 380 
which the output voltage is induced, and a magnetic core threading 
through both coils. The core is usually an endless ring of iron as illustrated. The two coils are 
electrically insulated from the core and from each other. The general principle of operation of 
a transformer is that an alternating emf applied to the primary coil produces an alternating cur- 
rent in that coil and thus an alternating magnetic flux in the core; this alternating flux induces 
an emf in the secondary coil which may be of different magnitude than that applied to the primary 
coil. The induced voltage which the Secondary coil furnishes to the final “load” Z will be larger 
or smaller than the original applied voltage depending on whether the secondary coil has more 
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order that the primary coil may accept energy from the power line, it must exert a back 

m ainst which the applied emf can do work, and this back emf must be equal and opposite to 
a applied emf. Since the back emf is furnished by the self inductance of the primary coil, the 
the gnitude of the instantaneous applied emf e, will be given by 


®, = ny (dd/at) (380-1) 


gnere m, is the number of turns in the parimary and g is the magnetic flux established in the 
core by the primary current. The emf e, induced in the secondary will be given by 


€, = n, (d%/at) (380-2) 


n, is the number of turns in the secondary. Since the same endless core passes through 


In 


ere 
ar the primary and secondary coils, (d@/dt) is the same for both and hence 
SM 
en (380-3) 


To secure efficient operation as well as other desirable characteristics, an “ideal” trans- 
former should have primary and secondary coils with negligible resistance, and should have 
endless core of infinitely high permeability with no magnetic hysteresis. With such a trans- 
former, all the energy applied to the primary coil will be given out without loss by the secondary 
coil. Good commercial transformers approximate these specifications so closely that they may 
have efficiencies as high as 99%. 

A sinusoidal emf applied to an ideal transformer will give a sinusoidal emf of the same 
frequency in the secondary, and the ratio of the effective a.c. values of the emfs will be the same 
as the ratio of the instantaneous values given in Eq. (380-3) above. 

An ideal transformer is the electrical counterpart of an ideal simple machine in mechanics, 
with the emf corresponding to the force and the current corresponding to the velocity. It will be 
recalled that in an ideal machine, the power passes through from input end to output end without 
any change in amount, but it may come out as a different combination of force and velocity. 

Thus if the force is greater at the output end, the velocity must be less, and vice versa. Simi- 
larly the power which is applied to the primary side of an ideal transformer comes out at the 
secondary side without any change in amount, but it may come out as a different combination of 
emf and current. It follows that if the output voltage on the secondary side is greater, the output 
current will be less, and vice versa. For an ideal transformer this relationship between the ef- 
fective values for the currents and voltages may be written 


E,L =E,, or L/l, =£,/E, (380-4) 


Transformers are used in connection with lines for transmitting power over long distances. 
The resistive power loss in such transmission is equal to P R where R is the resistance of the 
line. Hence if the power to be transmitted is transformed so that it has a high voltage and small 
current, the same amount of power can be transmitted through the resistance of the line with 
less loss. At the receiving end of the line the power can be transformed again down to a lower 
and safer voltage for use in motors, lights, etc. 

Note that when the secondary circuit is not completed through a load, the transformer can- 
not pass any energy out at the secondary side. In that case, an ideal transformer will not accept 
any energy from the primary side and no primary current can flow. When a connection to the 
secondary circuit is made, enough primary current will flow to furnish the energy being expended 
by the secondary coil. Actual transformers may draw a small current on the primary side even 
when the secondary side is not furnishing a current. With doorbell transformers, this current is 
so small that the primary of the coil is often permanently connected to the power line, with the 
switch in the secondary. 
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ELECTRIC OSCILLATIONS 


390. If some of the positive charges in a conductor are sa tT pt ec : tem- 
Porary disturbance, there will be an excess of positive charge ge tial difference will re 
excess of negative charge is left at the other end. The resulting ae The motion of the “ 
force the displaced body of charge back toward its equilibrium pos ET Aowin from the high 
charge back toward its equilibrium position will constitute a pa pe 8 Ye aanelll ic Po- 
tential end toward the low potential end as indicated in Fig. 390-1. Ae 
crease as long as any potential difference remains, and i 
hence the current will continue to increase until the body of --- =~ + ++ 


charge has returned to its equilibrium position. On account a = r3 td 
of inductance, this current cannot stop unless there is a po- 
tential difference in the opposite direction to stop it. Thus Fig. 390-1 


the charge will continue to move past its equilibrium san 
tion until the positive charge accumulating at the opposite 
end brings thie Giathias to a tom. The sinution is then just like it was at the start except that the 
Positive charge is now displaced in the opposite direction. This same sequence of events wil] 
repeat itself over and over, first in one direction, and then in the other. Such a surging of 
charge back and forth in a conductor is called an electrical oscillation, and it is similar in many 
respects to the vibration of a mass under the action of an elastic restoring force. 

Electric oscillations may also occur in a circuit consisting of a ca- 
pacitance and an inductance as shown in Fig. 390-2. Here the inductor 
consists of a single turn of wire connecting the two plates of the con- 
denser. Charges may oscillate around through this inductance from one 
plate of the condenser to the other, just as they may surge back and 
forth through a straight conductor. 

A similar circuit is shown in Fig. 390-3 where an inductor having 
many turns is connected from the one plate of a condenser to the other. 
The displacement of the charge which is needed to start an oscillation 
in such a circuit may be obtained by charging the condenser before the 
inductance is connected to it. After the inductance is connected, the Fig. 390-2 
condenser will discharge through the inductance L with a current I in 
the direction shown by the arrow tip. By the time the condenser is 
completely discharged, the current will have acquired enough energy 
to keep it flowing by its own power. It will continue to flow until its 
energy is expended in charging the condenser up in the opposite direc- 
tion. The sequence of events will then be repeated in the opposite di- 
rection, and as time goes on, the charges will surge back and forth 
from one plate to the other with an oscillatory motion through the in- 
ductance. 

The oscillation of charges in a circuit as described in the pre- 
ceding paragraph constitutes an alternating current flowing around in Fig. 390-3 
the closed circuit. A detailed mathematical analysis shows that this 
current will be a sinusoidal function of the time. An oscillation in such a circuit may therefore 
be considered as an ordinary sinusoidal alternating current which oscillates of its own accord 
once it gets started. 

A circuit consisting of a capacitance and an inductance connected in series is often referred 
to as a resonant circuit because it will show the phenomena of resonance as described in Sect. 
365. 
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tion of Electric Oscillations. Electric oscillations in a circuit may be detected 


. Detec - 
3§ hode Fay oscillograph connected as a voltmeter across the condenser. As the charges 
py ao the potential difference between the plates will change back and forth from a maximum 
! tion to a maximum in the other direction. An oscillograph may therefore be con- 


irec 
in - the condenser so that the alternating voltage will deflect the spot up and down on the 


nected ying a visual indication of the oscillations, 
gcree™ ations in a circuit may also be detected by inserting an a.c. ammeter in the circuit to 


1 
ose the alternating flow of charge. 
eas 
. go2. Frequenc of Electric Oscillations. The frequency of an electrical oscillation depends 
e circuit in which it occurs. The frequency of a circuit consisting of an inductance L con- 
war to a capacitance C depends upon the values of the inductance and capacitance according 
ro equation 


oe one 
s the frequency will be smaller if either the inductance or capacitance is made larger. 
The ‘A wide range of frequencies may be had in practice with electrical oscillations. Low fre- 
ncy oscillations having a period of several seconds can be obtained using a bank of conden- 
que and inductors which can be accommodated on a small table top. Frequencies as high as 
en 900,000 cycles per second can be had by reducing the capacitance and inductance to a point 
2; h that the circuit consists of one open loop of wire about the size of a finger ring. 
suc The frequency of oscillation in a straight rod is determined by the same general factors 
which govern the frequency in a circuit. For an oscillation in a straight rod, the two ends cor- 
espond to the two plates of the condenser in a resonant circuit. The center part of the rod be- 
tween the ends corresponds to the inductor of a resonant circuit. This capacitance and this in- 
ductance will both be very small. The frequency of an oscillation in a short rod will accordingly 
high and it will be inversely proportional to the length of the rod. Oscillations in a rod 


very 
inch long will have a frequency of about 6,000,000,000 cycles per second. 


393. The Energy of Electric Oscillations. An electric oscillation has a certain amount of 
energy associated with it. For example, in the oscillatory discharge of a condenser, the energy 
which was stored in the charged condenser becomes the energy of the oscillation. As the con- 
denser discharges, it expends its energy to build up the discharging current. This energy will 
then be expended to charge the condenser up again in the opposite direction, and so forth. As the 
charges oscillate, the energy will accordingly be passed back and forth from one form to the 
other, much as the energy of a swinging pendulum is transformed back and forth between the 
potential and kinetic forms. 

The total energy of an oscillatory discharge would not decrease if there were no losses of 
energy such as resistive losses in the circuit. In a lossless circuit, the voltage of the condenser 
would be the same in magnitude each time it was 
charged to a maximum value in either direction. 
The oscillation would therefore persist indefi- 
nitely without any decrease in amplitude. In any 
actual circuit there will always be some loss of 
energy in each surge of current, so that the am- 
plitude of the oscillation will gradually die out. 
For example, if a condenser is being discharged 
through a coil of wire, there must be some re- 
sistance along with the inductance, and the volt- 
age of the condenser will alternate back and 
forth with decreasing amplitude. A graph of the 
voltage plotted against time would accordingly appear as shown in Fig. 393. The greater the re- 
sistance of the circuit, the more rapidly the oscillations will die out. If the resistance exceeds 
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& certain value, no oscillation will occur because all the energy will be expended in the first 
surge of current, lation i 

394. Oscillations and Resonance. The amplitude of an apie Tiiniendney sate il 
cuit can be maintained by supplying energy from some extern cy as the oscillation. Th 
furnished by an alternating emf if the emf has the same frequen Prods See aie a ve alter. 
nating force of such an emf will then change its direction just as > force Will Xiware Phe os- 
cillating charges is reversed, and the emf can be applied so that its y in the 
direction of the motion. 

An alternating emf may be applied in a resonant circuit by — i emer near 
another coil in which an alternating current is furnished by a genera’ “J a i as of the 
resonant circuit will then have an emf induced in it in the same way t ‘iad, seri Poa ‘i 
the secondary of a transformer. Two circuits arranged seaport A so that energy is trans- 
ferred from the one to the other are referred to as coupled c : 

An emf may also be applied in a resonant circuit by opening the es omen. an 
a.c. generator in series. This arrangement has already been discussed in Sect. 365, and is 
represented in Fig. 865-1. Note that the relatively large alternating 
current which flows at resonance as described there may be considered 
&s an electrical oscillation in which the energy losses are neutralized 
by an applied emf of the same frequency. This unified point of view is 
emphasized by the fact that the frequency at which resonance occurs 
with an applied emf is the same as the frequency with which the charges 
would oscillate by themselves if there were no resistance in the circuit. @ | 
The presence of resistance in a resonant circuit reduces the frequéncy 
of free oscillations somewhat, but it does not change the resonant fre- 
quency. 

An electric oscillation in a straight conductor may be maintained 
by connecting it to an a.c. circuit as shown in Fig. 394. There a sec- 
tion of the central part of the rod is used to complete a circuit in which 
an oscillator is generating an a.c. emf. Some of the energy in the closed Fig. 394 
circuit will then be transferred to maintain the oscillation of charges 


from one end of the rod to the other. 
te 
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ELECTROMAGNETIC WAVES 


turbance travels out from the charge with a definite velocity. This velocity can be measured by 
experiment and is found to be the same as the velocity of light. 

It follows from above, that whenever an electric charge oscillates, there will be a corres- 
ponding fluctuation in the field of this charge in the surrounding space. These fluctuating dis- 
turbances will move out from the oscillating charge with the velocity of light, and thereby con- 
stitute what is known as an electromagnetic wave. 

To illustrate the nature of an electromagnetic wave, let us consider the electric field due to 
a charge which is oscillating up and down ina straight conductor. For example, Fig. 400 shows 


rtical rod AB which might be the antenna of a 

a asting station. Whenever a positive charge in at =A 
end of the rod, an equal negative charge will be _ 
he bottom end, as shown, and vice versa, As the * 
at the oscillates, the result is as if the positive and m 

c ative charges exchanged places every halfcycle, = ||... —~—— P Sg 
Oe charges on the rod AB are at rest in the poni- vy 

i the Fown, thenthe field E at a point P will be a down- vt 
Ore {field which is the resultant of a repulsive field E, 7 £ 
eer an attractive field E,. If the positions of the 2 

© rges are reversed, E will be directed upward, LE - 
ae as the charges oscillate, the direction of the 
field at Pp will alternate, but it will always be vertical, Fig. 400 
From the point of view of an observer at P, an elec- 

tromagnetic wave therefore would appear as an alternating, vertical electric field. At another 
point p' somewhat further away from AB, the wave will also appear as an alternating, vertical 
electric field, but the alternations will be behind those at P in phase by an amount that depends 
on the time required for the wave to travel from P to P', 

As stated above, the oscillations of the charges on AB creates an alternating wave that 
travels away from AB with the velocity v of light. If T is the period and f the frequency of os- 
cillation of the charges, the wave will travel away from AB a distance A in one period where 


A=vT=v/l. (400) 


If P, isa point a distance A away from AB, the field at P, at any given time t depends on posi- 
tion of the charges on AB one period before. That is the same as it is at the giventimet. Ata 
point P, a distance 2d away, the field depends on the position of the charges two periods before, 
and that also is the same as it is at the giventime t. The same will be true for points at dis- 
tances 3A, 4A and so on. This distance A from any one point to the next point where the alter- 
nating field has the same phase, is called the wave-length of the wave. 

The wave length corresponding to any frequency may be computed by Eq. (400) using the 
known value of v as 3 x 10° meters/sec. Thus a frequency of 1000 kilocycles, which lies in the 
commercial broadcast range will have a wave length of 300 meters. A frequency of 10,000 mega- 
cycles such as has been used in radar gives a wave length of 3 cm. The common 60 cycle per 
second frequency of commercial power lines gives a wave length of 5 x 10° meters or 3,100 
miles. 

A charge oscillating in a straight conductor sets up an alternating magnetic field in the sur- 
rounding region along with the alternating electric field described above. When the positive 
charge is moving down, the current will produce magnetic lines of force which are horizontal 
circles centered at the conductor. A half cycle later when the positive charge is moving up, the 
horizontal circles will be directed around in the opposite direction. At a point such as P in Fig. 
400 therefore, there will be a horizontal alternating magnetic field perpendicular to the plane of 
the drawing. This alternating magnetic field also spreads out with the velocity of light along 
with the alternating electric field. The term electromagnetic wave applies to the combined ef- 
fect of both fields. 

The above description of electromagnetic waves was based on our knowledge of steady elec- 
tric and magnetic fields. Additional factors must be taken into account in a complete analysis, 
but the nature of the resultant wave from an oscillating charge is essentially as described above. 
In general, an electromagnetic wave at any point in free space relatively far from the source 
may be observed as an alternating electric field and an alternating magnetic field. Also under 
these conditions, the two fields will be perpendicular to each other and both will lie in a plane 
which is perpendicular to the direction in which the wave is traveling away from the source. 
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401. The Reception of Electromagnetic Waves. The alternating field of an electromagnetic 
wave will constitute an alternating emf acting in the region where the field exists. This emf 
may produce an alternating current in a suitable conductor used as a receiving antenna, and this 
current may be measured by some device such as an ammeter, By letting the receiving antenna 
be a conductor or a circuit which can oscillate with the frequency of the incoming wave, a large 
resonant current can be obtained as explained in Sec. 365. 

The resonant effect also makes it possible to select some one wave from which energy is to 
be received by an antenna when several waves of different frequencies are striking it at the 
same time. This selective effect can be demonstrated by using a vertical antenna as illustrated 
in Fig. 400 of this chapter. Two wires connected to a lamp bulb as shown in 
Fig. 401 may be used as a receiving antenna. Such a receiving antenna con- 
stitutes a long conductor in which charges may oscillate from one end to the 
other. As the charges pass through the center of the antenna, they must pass 
the lamp bulb and the current can be detected by the light produced. An a.c. 
ammeter can be used instead of the lamp to observe the current, 


402. Energy of Electromagnetic Radiation. Energy is radiated away 


from an oscillating charge by the electromagnetic wave which moves away 
from the charge. Thus any oscillation would lose energy in the form of ra- 
diation even if there was no resistance in the conductor where the oscillation 
occurs. This makes any circuit appear to have an added resistance for al- 
ternating currents which does not exist for direct currents. In general, ra- 
diation losses are relatively unimportant unless the geometrical dimensions 
of a circuit are of the same order of magnitude as the wave length of the ra- 
diation. 

The lighting of an incandescent lamp by the current induced in a receiv- 
ing antenna furnishes an example of energy being transported by an electromagnetic wave. 


Fig. 401 
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410. Thermionic Emission. When a piece of metal is heated to a relatively high tempera- 
ture, some of the electrons in the material may acquire enough thermal energy to escape 
through the surface. The escape of these electrons is similar to the evaporation of molecules 
from the surface of a heated liquid. After the electrons escape from the metal, they will behave 
as free charged particles restrained only by their own inertia. The emission of electrons from 
a body of material because of its temperature is called thermionic emission. The process of 
thermionic emission is of great practical interest since it is an essential feature in the opera- 
tion of most of the tubes used in electronic devices today. 

The simplest thermionic tubes are the highly evacuated, two element tubes which are used 
in power supplies to furnish d.c. voltage from an a.c. source. These so-called “diodes” consist 
of a heated “cathode” K which emits electrons and a plate P which may be maintained at a posi- 
tive potential to collect the electrons. Both of these elements are inclosed in an evacuated glass 
or metal tube, with connections extending out through the wall to external terminals. In some 
tubes, the cathode is heated indirectly by a filament F of fine wire connected to a battery A or to 
a small transformer. In other tubes, the filament itself serves as the heated cathode. 

The emission of electrons from a cathode can be demonstrated by applying a difference in 
potential V between the plate and cathode by means of a battery B as shown in Fig. 410-1. 
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Electrons emitted from K will then move over to P. As 
far as events outside the tube are concerned, this is 
equivalent to a positive current flowing from P to K, 
The path through the tube therefore completes a closed 
circuit PKBP, in which a current I may flow as Indi- 
cated by the current meter M. 

The maximum current which a thermionic tube can 
conduct is limited by the number of electrons emitted 
from the cathode per unit of time, and that in turn de- 
pends only on the nature and the temperature of the 
cathode. The relationship between the maximum cur- 
rent I, and the absolute temperature T of the cathode 
is given by the equation 


Im = AT? e7&/T (1) 


aS 


Fig. 410-3 


where A and b are constants depending on the cathode. 
The derivation of this equation may be found in more advanced books and it can be verified by 
experiment. 

Tungsten metal is sometimes used as a cathode material because it can be heated to a high 
temperature and may be subjected to high voltages without any deterioration of its emitting sur- 
face. The maximum thermionic current per 
square centimeter that can be obtained from 
tungsten at various temperatures is shown by 
the curve T in Fig. 410-2. It is to be noted that 
appreciable emission does not begin until the 
tungsten reaches a white hot temperature at 
which most of the common metals would be 
melted. Relatively large emission currents can 
be obtained at much lower temperatures by 
coating the emitting surface with a thin layer of 
certain oxides. Other metals than tungsten can 
thus be used as cathodes at a dull red tempera- 
ture which will not melt the metal. 


411. Space Charge. At any instant when a 
current is flowing through a thermionic tube, 
there must be a considerable cloud of electrons Fig. 410-2 
between the cathode and the plate. . Because of 
the attraction of the positive plate, the electrons will be accelerated toward the plate and they 
will move faster as they get closer to the plate. For that reason, the cloud will be less dense 
near the plate as illustrated in Fig. 411. Such a cloud of electrons is often referred to as a 
space charge, and this space charge will exert electrostatic forces just like any other body of 
negative charge. If there is a considerable body of negative space charge, it will tend to neu- 
tralize the attraction of the positive plate and it may repel some of the newly emitted electrons 
back into the cathode. Thus a cloud of space charge may limit the current flowing through the 
tube to a value less than the maximum current that could flow at 
the existing temperature of the cathode. Under this condition, the 
amount of current will be determined by the amount of space 
charge. 

The density of the space charge between the cathode and the 
plate at any time will depend on how rapidly the electrons are 
moving and therefore upon the voltage which is applied to pull the 
electrons toward the plate. At the lower voltages, a more dense Fig. 411 


126 


electrons will be re 
Cloud of space charge will accumulate and more of Te enpeen rau thee Pellag aes 
into the cathode. The maximum current for a given ca ee Gaaiiene ae 2btaineg 
only if the voltage is high enough to pull the electrons away t 


emitted, elatively low voltages so 
In most applications, thermionic tubes are used with r that the Cur. 


ve. Fora di 
rent depends upon the difference in potential applied as raacieyeratioee the sittenat this re_ 
lationship between the current I and the difference in pote Cathode 
may be expressed by the equation 
I-kvif (411) 


it 
where k is a constant depending on the pa mp eit ae eae, = aa Dy the 
oltage so that it obeys this equation cann atur, 
Satin en ee cs eis already being emitted faster than they are being taken away, 


412. The Characteristics of a Diode as a Conductor. As gear agenda tri ther. 
mionic tube may serve as a conducting path forming part of a is Sous des rata hth electrj_ 
cal characteristics of the path through a serie . tga “fade of the path. This a Hh 
that will flow for any given difference in potenti: 
done by specifying the value of k for a given tube in Eq. (411) —— estates ee done by Plotting 
& graph of Tvs V. Such a graph is shown in Fig. 412 for a comm y mercial tube, 
Withinthe limits shown on the figure, the voltage never 
reaches the value that would be required to eliminate 
the effect of the space charge. 

Although the electrical path through a diode does 
not obey Ohm’s law, it is like a simple resistive path 
in that there will be a drop in potential along the path 
whenever a current flows. For any value of the cur- 
rent, the path may be said to have a resistance which 
is the ratio of V to I, but this ratio will be different 
for different values of the current. Such a path may 
be connected in series or parallel with other conduct- 
ing paths, and the usual rules for currents and volt- 
ages in series and parallel paths will apply. 

It is of interest to note that the electrical energy 
expended in the potential drop through a tube will be 
dissipated in the form of heat as is the case ina me- 


handle a considerable amount of power, special pro- Fig. 412 
vision must be made to keep the plate from getting too hot. 

One very important characteristic of the path through a thermionic tube is that current can 
flow in only one direction through the path. For a voltage that tends to drive electrons from the 
plate to the cathode, no thermionic current can flow because no thermionic electrons can escape 


from the cold plate. In this respect, a diode Serves as an electrical check valve, which allows 
current to flow in one direction but not in the other. 
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Fig. 413-1 Fig. 413-2 


network as indicated in Fig. 413-1. No current will flow in the lower loop because the diode D, 
will not conduct a current in the direction in which the emf e, is acting. A half cycle later, the 
direction of e, and e, will be reversed as indicated in Fig. 413-2. The diode D, will then allow a 
current to flow in the lower loop as shown, but D, will not conduct in the upper "loop. In either 
case, current flows in the same direction through 
the middle branch of the network from A to B, 
with A being at a higher potential than B. 

The rectified current flowing through AB 
will be a pulsating current whose magnitude 
changes with the time as shown in Fig. 413-3. 
Note that this curve is obtained from a sine 
curve by merely inverting all the negative peaks. 
These pulsations can be filtered out by an elec- 
tric filter. A simple filter may be had by con- 
necting an inductance in series with the resist- Fig. 413-3 
ance R and then connecting a condenser in parallel 
with the two as indicated in Fig. 413-4. The inductance 
offers a high impedance to any variation in the current 
through R, but allows a steady current to flow. The 
capacitance offers a low impedance by-pass to carry 
alternating current around the resistance without af- 
fecting the flow of direct current through R. Addition- 
al stages of filtering can be had by alternately adding Fig. 413-4 
inductances in series and capacitances in parallel to 
the combination of Fig. 413-4. 

Step-up transformers may be used with diode rectifiers to give 
d.c. potentials which are many times higher than the a.c. voltage 
which is used as a source of power in the primary of the trans- 
former, 


414. Triodes. A triode is a thermionic tube with an open mesh 
grid G placed across the conducting path between the emitting cath- 
ode and the plate P as illustrated in Fig. 414-1. Since the grid, the 
cathode and the plate are each independently connected to separate 
terminals outside the tube, such a tube is known as a three-electrode Fig. 414-1 
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tub, or triode. The grids of triodes usually r 
of fine wires fastened together in a two-dimens 
between the wires, 

The function of the grid in a triode is to 
plate. Since these electrons must flow throug 


ire fences in that th 
ble miniature w €Y co, 
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lectrons from the cath 
trol the flow of e Ode to 
ihe opacity in the grid to reach the Plate, thette 


ively from the 
number which get through may be reduced by charging the le pe back Nien: ‘ 
negative charge on the grid structure will tend to repel the e desired amount or cut off ¢ og 
Cathode and the amount of current can thus be orm Hingis Since a triode constituter 
Pletely by a proper amount of negative charge applied to artly or completely closed, jt % 
Conducting path with an electric gate which can be either p' Sr nlectetisal Biscay Bike may be 
regarded as an electric “valve.” In fact, the use of triodes th of fluids. A triode s 
closely to the use of mechanical valves in et weal the-tlow 5 like a 
diode in that it can conduct current in only one dir . 

Triodes are generally used by making them a part of an ips eicamiee Seman —— 
matically in Fig. 414-2. There the tube, the resistance R and the mae ee 4 simple 
series circuit PKLMNOP. The resistance R may be any apirepenag This resistance 16" 
lamp in which we wish to expend energy available from the battery B. nce in which 
the energy is to be expended is referred to as 
the “load,” and the function of the triode in the 
circuit is to control the rate with which energy 
is expended in the load by controlling the cur- 
rent through the load. The current which flows 
in the circuit PKLMNOP is commonly referred 
to as the plate current because it is the current 
which flows into the plate terminal of the triode. 
Similarly the battery B in this circuit is re- 
ferred to as the plate battery because it is the 
battery which maintains the plate at a positive 
potential relative to the cathode. 

Triodes are generally used with the grid at 
a negative potential relative to the cathode. This 
negative potential can be had by connecting a 
battery C between the grid and cathode as shown 
in Fig. 414-2. The grid extends into the stream 
of electrons which constitutes the plate current 
through the tube, but it remains effectively in- 
sulated from it. This is because the negative 
grid repels the electrons,making them pass : 
through the openings in the grid without striking Fig. 414-2 
the grid itself. It follows that no appreciable 
current flows to or from the grid through the grid battery C, and hence very little power is 
needed to change the grid potential. In other words, a small amount of power applied to the grid 
ow control the expenditure of a relatively large amount of power by the plate battery in the 
plate circuit. 


415. The Use of Triodes as Amplifiers. If a triode is connected as shown in Fig. 414-2 to 
control the expenditure of energy from the battery B in the load R, it can be arranged sothat a 
small change in the potential applied to the grid will produce a much larger change in the output 
potential across the load. In that case the tube is Said to act as a voltage amplifier, and such 
amplification will be considered in detail in Sect. 425. As previously noted, it is also true that a 
small amount of power applied to the grid can control the expenditure of a relatively large amount 
of power in the load resistance R. When this occurs, the tube is said to act as a power ampli- 
fier. 
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To illustrate the use of a triode as a power amplifier, let us consider how a triode may be 
used to emplify the relatively small power generated by a microphone into which a man is 
speaking. The a.c, voltage generated by the microphone is applied to the grid of the triode, and 
a loud speaker is placed in the plate circuit instead of the resistance R of Fig. 414-2. With this 
arrangement,a d.c. plate current will be flowing through the loud speaker all the time, but no 
sound will be produced except when the magnitude of the plate current is made to fluctuate by 
the alternating voltage applied to the grid. The energy that operates the loud speaker therefore 
comes from the relatively powerful d.c. battery, but it is controlled by the grid. Thus a louder 
sound may be produced which has the same wave form and frequency as the original sound that 
entered the microphone. 

A number of tubes connected together in sequence between a microphone and a loud speaker 
can be used to give an almost unlimited amount of amplification. In this way, it is possible to 
amplify the voice of a single individual so that it can literally be heard around the world, as is 
done in radio broadcasts. 


416. The Use of Triodes as Oscillators. A triode may be used as an oscillator to generate 
alternating current, using the direct current battery in the plate circuit as the source of power. 
Thermionic tubes are widely used in this way, particularly to generate alternating currents of 
high frequency. The possibility of using a triode to generate alternating currents arises direct- 
ly from its ability to act as a power amplifier, and a triode oscillator is nothing but a self- 
excited power amplifier. To illustrate this, let us consider again the arrangement discussed in 
the preceding section for amplifying alternating power from a microphone. The amount of power 
required to operate the microphone is very small compared to the output of the loud speaker. 
By diverting a small part of the output power back to the microphone, the loudspeaker can op- 
erate its own microphone without using up much of its output. Thus it is possible to have a self- 
sustained output of sound from the loud speaker. In other words, the triode with its accessories 
acts as an oscillator to produce sound vibrations. 

Electric oscillations may be generated in a simi- 
lar way without having a loud speaker to convert them 
into sound waves. The small fraction of the a.c. output 
voltage which is needed for self-excitation can be 
transmitted back to the controlling grid by electrical 
connections instead of using sound waves and a micro- 
phone. One arrangement which will generate electric 
oscillations in this way is shown in Fig. 416. This cir- c L 
cuit differs from the circuit of Fig. 414-2 in that an in- 
ductive coil L,, takes the place of the load resistance R. 

Also a reso! circuit with a capacitance C and an in- | 
ductance L.is inserted in the line that leads to the con- 


trol grid. Electric oscillations may occur in this Le go 
resonant circuit, and once such an oscillation gets 

started, it will cause the grid to vary in potential as B 

the charges surge back and forth. This variation in hi} 


the potential of the grid will produce corresponding 
fluctuations in the plate current of the tube. A rela- 
tively large amount of power is available in this fluc- 
tuating plate current from the plate battery, and some Fig. 416 
of it can be fed back to maintain the oscillations in the 
resonant circuit attached to the grid. This can be done by placing the inductances Lp and L so 
that fluctuating lines of magnetic flux from the plate current in Lp will pass through L and in- 
duce an alternating emf in L. 

With the arrangement shown in Fig. 416, the frequency of the oscillations generated will be 
the natural frequency of the resonant circuit which is used. Thus the desired frequency can be 
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‘ o capacitance C, The initial lectricg 
pusinad by proper schinioe of the Inluctane ls Ltd alway present, The thermal pelt a ° 


pulse requir rt the oscillations In this ¢ atmoupher 
weieeee este or any small electrical disturbance in the atmouphere may Blve 


: ‘t to oncillate 4% 600N a the ¢ 
Such an impulse, and a circuit as shown in Fig, 416 will start ‘ 
tions are all made, onne 


41%. Multielectrode Tubes, Tubes with more than three eer pape Geum cca 
used, but the essential function of such a tube serving as an a late with three gridg be ie 
triode, For example, a pentode is a tube having a cathode an hoo io thiadipcdeni, tween, 
Foenne such & pentode as an amplifier, eae henieel qxiresih the cathode and plate n. that 
seco ses, The first grid Ils used as ac 

fan eerie ee like a triode. In general, a pentode ini un “ ane 
has much larger values of j and r,, than a corresponding triode, ie alpen 423), 

The purpose of one of the two extra grids in a pentode 1s to Pt i be racalled Gata any 
undesired transfer of energy from the output back to the input. th * interfer{ roe ay . 
transfer of energy may make a tube start to oscillate by itself, ae pie af te its fune. 
tion as an amplifier. The small but definite capacitance between the p! ; x 4 triode 
inside the tube constitutes an a.c. path through which energy ae hie ity rom She Fate circu 
to the grid rid inserted between the two can pi s 

Topieacts fore Har ro electrodes are generally composite tubes consisting of two oF 
more simpler combinations in the same envelope. Thus a pentode and a diode may be inclosed 
in a Single tube giving a total of seven electrodes. 


418. Gas Filled Thermionic Tubes. Thermionic diodes and triodes are sometimes filled 
with gas or vapor, so that both thermionic electrons and gaseous {fons contribute to the conduc- 
Hon. In general, a gas-filled tube will carry a larger current with a smaller potential drop than 
a highly evacuated tube of comparable size, but the current is subject to leas control, For ex- 
ample, the grid of a gas filled triode can control the time at which a conducting discharge wij) 
Start in the tube, but once the discharge starts the grid has no further control and the conductor 
cannot be stopped without reducing the plate voltage, 


Chapter 42 
THERMIONIC TUBES (continued) 


420. Characteristic Curves of a Triode. The electric characteristics of a given triode may 
be described by a set of curves which show the current through the tube for any given combina- 
tion of plate and grid voltages. Such a set of curves is shown in Fig. 420 for a common type of 
commercial triode. The plate voltage v, and the grid voltage v, are both measured relative to 
the cathode as indicated in Fig. 414-2, Rote that any one curve of Fig, 420 is a graph of the 
plate current plotted against the difference in potential Vp between the plate and cathode for a 
given fixed value of the grid potential. Note that any one of these curves resembles the single 
curve which applies for a diode as was shown in Fig. 412 of this chapter. 


421. rating Voltages of a Triode. Before any voltage is applied to a triode to be ampli- 
fied, it is necessary that the triode be in what may be called a suitable operating condition. This 
operating condition is established by applying certain fixed voltages to the grid and plate. These 
voltages serve as zero values to which other variable voltages may be added for amplification. 


Fig. 420 


A given operating condition may be represented by a single point on the diagram of charac- 
teristic curves. For example, the point Q on Fig. 420 represents a quiescent condition in which 
the grid voltage is -20 and the plate voltage is 180. This grid voltage is indicated by the mark- 
ing at the top end of the sloping curve that passes through Q. The plate voltage is indicated by 
the scale at the bottom of the vertical line on which Q lies. The corresponding value of the plate 
current is seen to be about 100 milliamperes as indicated by the vertical scale at the left. 

With a given starting point such as Q, the change in plate current that will be produced by a 
given change in plate voltage can be found from Fig. 420. For example, if Vp is increased from 
180 volts to 200 volts while the grid voltage is kept constant at -20 volts, the current will in- 
crease from about 100 milliamperes to about 138 milliamperes. This new value of the current 
is found by moving along the sloping curve for which Vg has a constant value up to a point which 
lies on this curve and also on the ordinate for which vp = 200 volts. 

If we start again from the same starting point Q, fhe change in plate current produced by a 
given change in grid voltage can also be found from Fig. 420. Thus if vg is increased from -20 
volts to -10 volts, the current will change from about 100 milliamperes to about 180 milliam- 
peres. This new value of the current is found by moving up along the ordinate for which Yp has 
a constant value of 180 volts to a point which lies on this ordinate and also upon the sloping 
curve for which Vg = -10 volts. 


422. Plate Resistance of a Triode. As explained above, the characteristics of a given tube 
can always be described graphically by a set of curves like those given in Fig. 420. It is also 
possible to specify the characteristics of a tube by giving two numerical values which can be de- 
termined from the characteristic curves. One of these quantities is plate resistance r,, which 
will now be defined. The other is the amplification factor 4, which will be defined in the next 
section. 

The plate resistance of a triode is defined by the equation 


Av 
= ae = 
Tp Zip (422-1) 
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lue and Ai. is th 

where Av, is the increase in the plate voltage above the coe’ ke paciaitee » " corres. 
ponding increase of the plate current with a constant grid a ee eae b Seca i 
fined like the resistance of any path except that the potentia 

relative to the Operating point as a zero. of Fig. 420 since the reciproca) of 

The be determined from the curves e hone 

gods the slope & pipe of tp VS. Vp: This follows from Eq. (422-1) which may be writ, 


Tis 
eh in 


the form 
1, Alp (422-2) 
Tp Avy 


wring the paot a te operating point we have alendy sat tat fp chang fram 100 to 29 
milliamperes when Yp changes 20 volts from 180 to 200 w £ ‘at~ 


ing point, 
a) 
a " Alp ai 8 e 10 AB = ,0019 amp. per volt (422-3) 
Tp Av, 20 volts 


Thus, Tp = 526 ohms (422-4) 


423. Amplification Factor’ of a Triode. The current through a triode may be inenivawed either 
by changing the grid voltage or by changing the plate voltage. The amplification factor Misa 


measure of the relative effectiveness of these two changes as defined by the equation 
Ai 
Te with vp constant 
= = 28 


i 
ce with Vg constant 
Pp 


(423-1) 


The numerator of the above expression is the change in current per unit change in grid voltage 
alone, and the denominator is the change in current per unit change in plate voltage alone. 

The value of y may be found from a diagram of characteristic curves. For example, let us 
determine the value of H at the operating point Q for the curves shown in Fig. 420. For that 
Point, we have already noted that i, increases from 100 to 180 milliamperes when Vg is increased 
ten volts from -20 to -10 volts wi Yp constant at 180 volts. Thus 


Aip f 80 x 1078 amp 


ave 10 volts = .008 amp per volt. (423-2) 

For the same operating point Q, we have from Eq. (422-8) in the preceding section that 
Ai,/Avg = .0019 amp per volt. (423-3) 
Hence w ~ 008 amp per volt _ 4 5 (423-4) 


.0019 amp per volt ~ 


Since ge depends on the slope of the characteristic curves, and A1,/Av, depends on 
how closely the curves are spaced, it follows that the values of T and yu will be the same for all 
locations of Q within an area where the characteristic curves are evenly spaced straight lines. 
Also the values of Tp and 4 will be independent of the magnitude of Avy and Av, within this re- 
gion. 


424. General Equation for a Triode. The total change in current which results when the grid 


and plate voltage both change at the same time can be expressed in terms of r, andy. Accord- 
ing to the definition of uw, a change in grid voltage Av, is w times as effective as a change in 
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plate voltage4v,,. Hence for simultaneous values of Avg and Avp, we may expect the effect on 
the current to be the same as would be produced by a larger Avy, acting alone, provided 


‘2 (424-1) 

dv), = wAv, + Avy. 
If Av, did act alone, Eq. (422-1) above requires that the change in current Ai, would be given by 
Alp = ay 7 (424-2) 


Substitution from Eq. (424-1) in Eq. (424-2) then gives 


ip - a (424-3) 
Pp 


for the general case where Avy and Av, occur simultaneously. 


425. Voltage Amplification by a Triode. When a triode is used as an amplifier, the voltage 
to be amplified is applied to the grid as an increment Av, superimposed upon the quiescent grid 
voltage Vg- For example Ave might be one of the peaks a alternating voltage generated by a 
microphone in the grid circuit. If there is to be any amplification, this input voltage change 
must produce a larger output voltage change Av, across a loud speaker or other resistance R 
connected in the plate circuit as shown in Fig. 414-2. The resultant voltage amplification is de- 
fined as the ratio of the output voltage change to the input voltage change. 

The amount of amplification which will be produced by a given triode can be computed in 
terms of the resistance R of the load and the constants p and r, of the triode. An input voliage 
change Av, will result in a change of plate current AI, through the load R. Hence the output 
voltage will change by an amount RAlp. This increase in the potential drop must be accompanied 
by a decrease in the potential difference v,, across the triode because the load R and the triode 
are connected in series with the constant emf of the plate battery. This decrease in plate volt- 
age across the triode will tend to counteract the effect of the increased grid voltage, so that the 
resultant change in plate current will be less than what would be expected due to the change in 
grid voltage alone. To compute the actual amplification we may apply Eq. (424-3), with Av, be- 
ing a decrease in voltage equal to the increase RAL, which appears across the load resistance. 


Thus we may write 
Aly = (nave) + (- RA (425-1) 
tp 
Since the over-all amplification A is the ratio of the voltage increment across the load (R I) to 
the input voltage Avg, we may write 
Bhan J 
A avg (425-2) 
Substitution from Eq. (425-1) then gives 
R 
A=H Rr (425-3) 


The value of R/(R + r,) will always be less than unity, and so voltage amplification A will 
always be less than the amplification factor yu of the tube. 


Appendix A 


DERIVATION OF V = K,Q/r BY CALCULUS 


To get the potential due to Q at a point P a distance r, from Q, it is necessary to compute 
the work that can be done by the repulsive force F on a movable charge 


@ 8s q moves from P to an infinite distance. Since F decreases asrin- Q  p 4 
creases, it will be desirable to split the path up into small steps each of a ee 
size dr. The work dW done in any one step will then be F dr cos@, i Lg hae 


where 6 is the angle between F and dr. The total work W will then be ' 
the sum of these terms, and it may be expressed by the integral 


T 
we F dr cos @ (1) 


In moving away from Q by any path, we may choose our steps so that @ is either 0° or 90°. The 
Steps with @ = 90° will give zero contribution and hence may be disregarded. For the steps with 
@ = 0, cos @=1. Hence, we may write 


rr 
wf Fdr (2) 
1 
Since F = K,Qqa/r* where Q and q are constants, equation (2) may be written 
qT ar 
w-Ka f= (3) 
tT, 
= To 
Integrating Wi= “Kyea| t = mi (4) 
Hr, is infinity, 1/r, = 0 and w-K, 9 (5) 
1 
Ze Potential V at P is the work that cam be done per unit charge. Hence, using V = W/q we ob- 
15,2 (6) 
APPENDIX B 
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Appendix C 
DERIVATION OF EQUATION FOR THE FIELD OF A STRAIGHT WIRE 
dL 


The field at a point P a dist a 
the straight piece of wire divtring & oe 
rent can be found by applying Ampere’s law S 6 | é ” a- 
as follows. That part of the field due to the ei e a 
segment dL as indicated in Fig. 1 will be \ R id eae 
dL ‘ af a 
dB =b d pe 6 (1) X = 


This expression may be conveniently inte- 

grated with @ as the variable. In order to Pp 6 @ &% 
do this, the differential dL and the variable 

r must both be expressed in terms of 6 

and constants. We can write rd@/dL = sing Fig. 1 
so that 


ap = 2d@ (2) 


Also we may write R/r = sin 6, so that 


R 
r ‘sin 0 6) 
Substituting from Eqs. (3) and (2) in Eq. 1, to eliminate r and dL we obtain 
dB = b> sin 048. (4) 
Integration from @ = 0, to @= @, then gives 
I % 
-B=bs [cos@ ] (5) 
4, 
or B=b X (cos 6, - cos 65) (6) 
The angle 6, = 180 - 9, so that 
B= bx (cos 6, + cos 0,) (7) 
Appendix D 


FORCE BETWEEN TWO MAGNETIC POLES 


To prove that two concentrated magnetic poles p, and p, a distance r apart will exert a 
force F on each other according to the equation 


1 BR 
to Yr’ (1) 
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let us temporarily remove p, from the point P and replace tt 

with a short segment of wire carrying a current as shown in 

Fig. 1. If dl ts the length of the wire, the field H, acting on —_ P 
P, due to the current I will be given by 


Hi (our) 
_ 1 dul 2) 
Hi 4m or 
This force will be directed out from the plane of the drawing. Fig. 1 
Hence the force F acting on p, will be given by 


PR dll 
Wieteds Seek 
rie (3) 
Now according to the universal law of reaction, there must be an equal and opposite force act 
on the segment of wire down into the drawing. From this we know that the segment of wire must 
be ina flux density B directed from p, to dL such that 
F 

Bran : (a) 
This flux density B at P must be due to Pp, and hence the corresponding value of H at P due to p, 
will be B/u. Substitution from Eq. (4) then gives ; 


i et 
H = aL (5) 
If the wire is removed and p, is replaced at P, the force F on p, will be equal to : 
F=pH (6) 
Combining Eqs. (3), (5), and (6), then gives 
= AP \ 
Fe a ys (7) 


151 


PROBLEMS 
GROUP 1 


10, Two small bodies charged in the same way so that their charges are equal repel each other 


with a force of one newton when they are two mete on each 
expressed in microcoulombs? Ts apart. What is the charge 


solution: Use the equation, 1 newt =(9x1@) —Se¥t_  _@_ 
couF/m? 4m* 


ee | 
¢ = Dxigp coul=4.44 x 107? coul 
q =2.1x 10> coul = 21 microcoulombs 


11. Two small bodies, charged in the same way so that their charges are equal, repel each 
other with a force of .0081 newt when .2 m apart. What is the charge on either one? 


12. Find the force which a charge of 800 microcoulombs will exert on another charge of 30 
microcoulombs 6 meters away. 


13. If two bodies having a charge of 1 coulomb each were 10 meters apart, what would be the 
repulsive force between them? Express in newtons, in grams, and in tons. (1 newt = .000112 


ton) 


14. A charge B of +54y coul is 8 m east of a charge A of +21 coul, and a third charge of -3u 
coul is placed half way between the two. What force acts on A? 


15. A piece of copper wire 1 mm in diameter and 1 cm long contains approximately 6.6 x 1° 
atoms. (a) How much charge would have to be removed from the wire to remove one electron 

from each atom? (b) If these electrons as a group could be moved to a point one tenth of a mile 
(161 meters) from the piece of copper wire, leaving the copper with an equal positive charge, 

what would be the force between the two in tons. (1 newt = .000112 tons) 


GROUP 2 


20. The force on a charge of 80 microcoulombs at a certain point in space is 0.4 newtons east. 
What is the field strength? 


21. The force on a charge of -60 microcoulombs is 0.12 newtons north. What is the magnitude 
and direction of the field strength? 


22. A charged body weighing 2 grams can be supported by an upward field of 5000 newtons per 
coulomb, What is the charge on the body? 
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definition of © as F/q, 
28. Show that © = K,Q/r* follows from Coulomb’s law and from the 


m the relationship be- 
24. Explain how the relationship between € and q in € = F/q differs fro 
tween © and Qine eKYr, 
-20 microcoul 
25. A fixed charge of +40 microcoulombs is 10 m east of a fixed Hien a Seal. fe ern 
(a) Fina the field strength at a point 5 m from each charge, expre 
field ata point 10 m west of the smaller charge. 


26. A charge B of +200 microcoulombs is 10 m east of a charge 
A of -200 microcoulombs, and a third charge C of 60 micro- 
coulombs is 10 m from each of the others and directly north of a 
Point halfway between A and B, 

(a) Find the total field strength at C due to A and B ih newt/coul, 
(b) Find the total force on C due to A and B, 


27. (a) If Q is a fixed concentrated charge of 2 x 10° coulomb, 
what will be the field due to Q at a point 1 meter away, and how 
many lines of force would be drawn through a sphere 1 m in 
radius (with its center at Q) in order to represent the oe Fig. 26 
newtons per coulomb at all points on the spherical surface 

(o) Repeat for a point $ meters away and for a sphere having a radius of 3 meters, and compare 


the answers with those of part (a). 


GROUP 3 


30. What work must be done to carry a positive charge of 10 coulombs from a place where the 
Potential is 80 volts to a place where it is 150 volts? 


31. It takes 400 joules of mechanical work to carry +5 coulombs of charge from a point A 
to a point B. What is the difference in potential between A and B, and which point is at the 


higher potential? 


31x. A potential difference of 100 volts exists between A and B, and it takes 600 joules of me- 
chanical work to carry a positive charge q from B to A. (a) What is the magnitude of q? (b) If 
one coulomb of charge has 800 joules of electrostatic potential energy at A, how much such en- 
ergy will a coulomb have at B? 


32. (a) A small ball rolls ona level insulating track without friction from a point A to a point 
B where A is maintained at a potential 50,000 volts higher than B, If the ball has a charge of 
.5 microcoulomb, how much kinetic energy will it acquire? 

(b) What will be the average force in grams if A and B are 2 meters apart? 

(c) What is the average field strength along the track expressed in volts/meter and in newtons/ 
coulomb? 


33. (a) How much work will be required to move 50 coulombs a distance of 30 meters along a 
path where the field is 400 volt/meter in a direction opposed to the motion? 
(b) What is the average force on the 50 coulombs, expressed in newtons? 
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GROUP 4 


40. Compute the potential due to a charge of 1 coulomb at a point 3000 meters away, and show 
by a substitution of units how the answer may be obtained in volts. 


41, Find the potential at a point 2 meters away from a charge of 4 microcoulombs. 


42. Two charges of +150 microcoulombs each are 10 meters apart. 
(a) What is the potential at a point P half way between the two charges? 
(b) What is the field strength at P? 


42x. A charge of +150 microcoulombs is 10 meters from an equal negative charge. 
(a) What is the potential at a point P half way between the two charges? 
(b) What is the field strength at P? 


43. Two positive charges Q, and Q, of 5 

microcoulombs each are 6 meters apart 

as shown in Fig. 43. Qi A 
(a) What is the potential at each point A, ’ t 
B, and C due to both charges Q, and Q,? i | 
(b) What is the difference in potential be- lem 
tween A and B, and in what direction would 
the average force act on a movable positive - ! am 
charge along a path between A and B? 6m —— 


43x. Solve the preceding problem taking 
Q, to be -5 microcoulombs and Q, to be Fig. 43 
+5 microcoulombs, : 2 


44. A charge of 24 microcoulombs is at A and one of 20 
microcoulombs is at B as shown in Fig. 44, te c 
What is the potential at C in volts? . callers 


45, A point is at a negative potential due to a fixed charge 
Q nearby. In what direction would a movable negative | 
charge tend to move relative to Q? B 


Fig. 44 


GROUP 5 


50, (a) Explain why there can be no field inside the material of a conducting body when the 


charges come to rest. 
(b) Explain why all parts of a conductor must be at the same potential if no electric field can 
exist between any two points in the material. 


51. (a) Is it possible for a body to be at a potential other than zero if the total charge on the 


body is zero? Explain. 
(b) Is it possible for a body to have a charge and still be at zero potential? Explain with an 


example. 
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82. An alectroncope is charged ponltively, Ana large negative charge paige sack at 
great Aatance the leal firat collapaea and then deflects increasingly a: om ve 0 Ie 
bremgnt cloner, Explain what has happened in terme of the equation V, } - 


53, In Prob, 52, how would the value of b be changed if the charge Q, were brought closer to 
% 


Yi of charge from the low po- 
tie generator tranaporta ,0002 coulomba ¢ 

co ad ‘e the high pair terminal each second, (a) If the difference in potential tg 
2,000,000 volts, what power in watts is required to run the bolt an far a6 electrostatic forces 
are concerned? (b) If the belt runs 4 meters por second, what electrostatic force acts on the 


Side of the belt which carries the charge? Express in newtona and pounds, 


55. A metal ball M as shown tn Fig. 66 has been charged with a 
positive charge Q,, giving it a potential of 1000 volts when it 19 not 
Close to any other bodies, A hollow conducting shell 8 is charged 
with @ positive charge Q, to 4 potential of 100,000 volta, 

(a) MM 1s inserted in the opering of 8 without touching 9, will the 
PrAential of M be (A) 1000 volts, (B) more than 1000 but less than 
100,000 volts, (C) 100,000 volts, (D) more than 100,000 volts. Give 
reason for your choice, 

(b) If there 1s any increase in the energy of the charge on M, explain 
where it came from, 

(c) 1 M ia touched to the inside of 8, and then removed far from 9, 
how would the potentials of M and § compare with their respective 


Original values? Explain, M ‘Os 
+ 

56, If the potential of 8 in the above problem is increased by re- 

Peatedly charging M to a potential of 1000 volts and touching it to the Fig. 55 


inside of 8, which of the following factors might theoretically Umit 
the potential that could be reached on 8: (A) Amount of force available to move M, (B) 
A charge trom 8 through the air, (C) limitation of starting potential of M to 1000 volts, 


We a) What would be the kinetic energy of an electron shot from a gun by moving through a 
potential difference of 5000 volte? Express in joules, 

(b) Compute the velocity of the electron in part (a), assuring that the kinetic energy is given by 
rv*/2, 


JE. A gan tn a television tube consists 
of a filament ¥ and two parallel plates 
A and B with holes as shown in crosg- 
section, Electrons emitted from ¥ are 
accelerated towards A and some of 
therm will pass on through the holes in 
A and B, emerging with a velocity which 
will depend upon the potentials V, and 
V;. It 1 to be assumed that an electron 
passing through a hole in a plate is so 
near to the plate that it must have 
reached the same potential that it would 
have reached it is actually hit the plate, 
(4) If A Se 6000 volts higher in potential 
than F, and B 1s 2000 volts higher than A, Fig, 58 
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how many joules of kinetic energy will an electron have when it reaches A? 
(>) How many joules of kinetic energy will a electron have after It gets past B? 
(c) Give the direction of the force on the electron between F and A, and between A and B, 


§9. Repeat the preceding problem for the case where B is 2000 volts lower in potential than A, 


GROUP 6 - 


60. A body having a mass, m, of 0.1 gm is to be supported at rest in air between two horizontal 
plates by a uniform electric field, €. The body has a charge, Q, of 004 microcoulombs, and the 
distance between the plates is 0.5 cm, What difference in potential will be required? 


60x, Find the mass of an oil drop floating between two horizontal metal plates 0.8 cm apart if 
the top plate is 2000 volts higher in potential than the lower plate, and if a charge of 1 electron 
is just enough to support it. 


61. Two parallel plates each having an area of 2 square meters are ,008 meters apart. Ifa 
charge of .001, 4-coul is removed from one plate and placed on the other, what will be the field 
between the plates and what will be the difference in potential between the two plates? 


62. If the two plates of the preceding problem are moved apart so that the distance between 
them is doubled, what effect will that have on the field and on the potential difference 


63. Explain the difference between the situation for which ©= K,Q/r* holds and that for which 
€= K,47Q/A holds. : 


GROUP 7 7a 


70. A charge of .002 coulomb transferred from one plate of a condenser to the other produces 
a difference in potential of 500 volts. Compute the capacitance in mfd. 


71. A condenser is marked 4 mfd, 400 volts. 

(a) Can the condenser be used satisfactorily with a difference in potential of 200 volts, and if so, 
what will be its capacitance when charged to 200 volts? 

(b) What charge must be transferred to charge this condenser to 200 volts? 


72. (a) Compute the capacitance of a condenser made of two parallel plates .$ cm apart in air 
where each plate has an area of 2 square meters. 

(b) What would be the capacitance of these two plates if they were immersed in oil so that the 
space between was filled with oil having a dielectric constant of 2? 


72x. Compute the capacitance of a condenser made of two parallel plates 20 cm x 20 cm square 
separated by a sheet of mica .2 mm thick. (For mica, k = 6.0) 


73. The capacitance of two metal plates 2 mm apart in air is 500 mmfd, What will be the ca- 
pacitance if they are separated to a distance of 4 mm and a glass plate of that thickness is in- 
serted between the plates? The dielectric constant k of glass is 5, 


nig hen th 
74, (a) A parallel plate condenser has a ee cene prin ae atti oe ee are 3 mm 
apart, If it is charged to a potential difference of 800 volts, BE on the a 


denser? 
(b) If the charged plates are moved until they are 12 mm apart, without adding or Temoy 


charge on either plate, what will be the new potential difference and the new Capacitance, © “ty 


75. One plate of a parallel plate condenser is permanently racer pth A tate termina, 5 

an electroscope, and the other is permanently connected to : a en leads are : 

So that the plates can be moved without disturbing 7 coos clan bagptior ss eat has a 
ar 

fixed capacitance of 20mmf, When the condenser plates e eo 

er sigté bis a capacitance of 10,000 mmf the condenser and the ener ce actroscope are 
ary ‘con! TY cell, i 

charged to a potential difference of 1.5 volts by a tempor 

écciiemer okies are then moved apart until the capacitance of the oe is reduceg to 39 

mmf,what will be the potential difference indicated by the electroscope 


ged to a potential difference of 


76, A condenser has a charge of 1000 microcoul. When char, 
100 volts, what is the energy of the charged condenser? 


77. A condenser with a capacitance of 2 microfarads is charged to a potential difference of 
6000 volts. What energy does it have? 


78. (a) A variable radio condenser having a capacitance of 500 mmfd is charged to a Potentiay 
of 100 volts. What is the energy of the charged condenser? 
(b) If the plates are separated to reduce to capacitance to 100 mmfd while they are ingy- 
lated so that there can be no change in the charge, what will be the energy of the Condenser? 
(c) How can this change of energy be accounted for? 


GROUP 8 


80. If the current passing a point is .03 milliamperes, 

(a) Express its value in amperes and in microamperes, 

(b) Compute the number of electrons passing the point in one second, and 

(c) Compute the time in minutes required for one coulomb of charge to pass, 


GROUP 10 


difference in potential V between the terminals of the heating element? 
(b) How much Power was expended? 


157 
101, A charge of 120 coulombs flows through a wire from A to B in 2 minutes when A is main- 
tained 3 volts higher in potential than B by a chemical cell, How much heat in calories will be 
produced between A and B in that time? 


102, A straight wire lies between points A and B 60 cm apart, A current of 2 amp flows from 
A to B, and the potential difference between the points is 10 volts, Find the average force ona 
coulomb of charge between A and B, and find the average electric field strength between A and 
B. State direction, 


GROUP 11 


‘111, For how many seconds must a current of 10 amperes flow to deposit 500 gm (about | Ib) 
of aluminum? 


112. If W lbs of copper are deposited by a current of 4 amperes in 500 seconds, how much 
copper (expressed in terms of W) will be deposited by a charge of 500 coulombs passing through 
the cell? 


113. A current I flows for a time t and deposits 8 grams of copper. How much silver would be 
deposited by the same current in the same time? 


“114. a current of 2 amperes flowing for 5 minutes deposits .408 gm of a metal, what is its 
electrochemical equivalent? 


115. Compute the electrochemical equivalent of zinc using the values given for its atomic 
weight, its valence, Avogadro’s Number N, and the electronic charge e. 


116. (a) If 2 grams of hydrogen occupies 22,4 liters under standard conditions of temperature 
and pressure, what volume of hydrogen will be liberated by a current of 1 ampere flowing for 


1 hour? 
(b) What volume of oxygen will be liberated at the same time at the other electrode? 


117. A current of 5 amperes flows through acidulated water until 16 gm of oxygen are liberated 
at the anode, 

(a) How many grams of hydrogen are liberated at the cathode? 

(b) Under the same conditions of pressure and temperature, how does the volume of hydrogen 
compare with the volume of oxygen? Explain. 


S118. A current of 3 amperes is passed for 20 minutes through an electrolytic cell with nickel 
ions being deposited on the negative electrode. 
(a) How many ions are deposited? 
(b) What is the mass of an ion of nickel? 
(c) What is the total mass of nickel deposited in the 20 minutes? 
(d) What is the electrochemical equivalent of nickel? 


119. If a current I flowing for a time t transports 96,500 coulombs through an electrolytic cell, 
what mass of chromium would be deposited? 


168 GROUP 12 


for see shie pad ace be a a current of 0,5 ampere is furnisheg for two 
8) How much work is done 


Express in joules and in calories. 


tH 
in the cell? 
(b) What transformation of energy is taking place 


120x. A tor having an emf of 110 volts furnishes 60 amperes of cur rent for tifteen, 

. generator : 
a i w ical gy will be produced in the generator during the 15 Minutes» 
(a) How much electrical ener 


(b) Where does this energy come ire 
(c) What electrical power is generated 


121, Find the number of joules in a kilowatt-hour. 
122. A generator which generates an emf of 120 volts is ane of 50 amperes, 
What electrical power will it deliver? Express in kilowa +P. 


128. A variable radio condenser is permanently connected S rd mead vue Potentia} 
difference between the plates will be maintained constantly by Ty Volts, 


(a) When the condenser is set to have a capacitance of 100 mmfd, what energy will be Stored i, 

the condenser? 

(b) If the capacitance is increased to a m 

transfer to keep the potential constan 

(c) How much energy does the battery expend in furnishing rep seas 

(4) How much energy will be stored in the condenser after the increas Pacitance, accorg. 
to the equation W = Q V/2? 

face ths teens to (a), (c), and (d) consistent with the principle of Conservation of energy? 


: GROUP 13 


mf, how much additional charge must the battery 


) How much energy was used? Express in joules, in calories, in kilowatt-hours, 


// 141. (a) Find the resistance of the heating element of a 110 Volt, 600 watt waffle iron and the 
/ resistance of a 110 volt, 50 watt lamp, 
/\ (b) What is the current in each? 


} 


159 
14x, Find the resistance and current for a 100-watt, 110-volt lamp bulb at the operating 
temperature. 


142. How much current will a 150-watt electric soldering iron take to heat it properly if it is 


~ designed for use on a 32-volt country lighting system? 


143. A 60-watt, 120-volt soldering iron is connected to a 6-volt battery. At what rate will heat 
be produced? (Express in watts) 


144. A current of 10 amperes is flowing through a long wire having a resistance of .5 ohm. 

(a) What is the difference in potential between the two ends of the wire? (b) Will the amount of 
energy lost in heat by each coulomb passing through the wire depend on the number of coulombs 
passing through the wire per second? Explain. 


145. A 100¢watt lamp was operated for 10 hours. 
(a) How much power did it require? 
(>) How much did it cost to operate it if the electricity cost $.05 per kilowatt-hour? 


145x. Compute the cost of lighting a home for 3 hours if four 25-watt lamps, five 60-watt 
lamps, and two 100-watt lamps are used, where there is a difference in potential of 120 volts 
across each bulb, and where electric power costs $.05 per kwh. 


146. A current of 5 amperes flows through a resistance of 20 ohms for two minutes. 
(a) How much power is dissipated? (b) How much heat is produced? 


147. A lamp bulb designed for operation on 120 volts takes a current of .1 amp when 10 volts 
difference in potential is applied. Should the bulb be rated 144 watts, or more than 144 watts, 
or less than 144 watts? Give reason for your answer. 


148. Compute the amount of power expended in an x-ray tube carrying a current of 5 milli- 
amperes through a difference in potential of 100,000 volts. 


149. (a) Prove that if a number of resistive heating devices are all designed to operate at the 
same voltage, the power consumed by any one will be inversely proportional to its resistance. 
(>) Prove that if the same current passes through several resistive heating devices in series, 
the power consumed by any one will be directly proportional to its resistance. 


GROUP 15 


150. (a) In Fig. 150, V, = 12 volts, and V = 14 volts when the 
current is .5 amp. . Find the value of R,. 
(>) Express the ratio V,/V, in terms of R, and R,. 


R Rm 
150x. In Fig. 150, V, = 1 volt, V, =4 volts, R, = 20 ohms. ean 
Find R,. : 7 tet Su 


151. An electric heater is connected in series with a silver plat- 

cell so that the charge Q passing through can be determined Fig. 150 
by the mass of silver deposited. A potential difference V of 110 volts is applied to the combi- 
nation and 120,000 joules of heat H, are given out in 10'minutes in the heater while 1200 cou- 
lombs of charge pass through. 


7 
160 ntial V, across the heate 
(a) What is the difference in pote ‘ 


th? 
ost in the plating ba as a function of 
(>) How much energy ts apa aa V, across the plating bath a, K,, ana y 
(c) Express the difference in pote 


152 is 6 volts, 
ross the lamp in Fig. . 
1 sistance 
cig Micemea athens a neene oe re ; 
The total current 
if the current in the lamp is 4 amperes? 


V, is % volts, 

ntial V, is 26 volts. V, 

Find a Pit: 188 the difference in pote e and in the resistance X. Pig. 152 
Find the current in the 4 ohm resistanc 


watts on a 32-volt 
lectric toaste d to operate at 400 : 
ra cane emaraied a Baa power on 2 150 pe paras ry 

r ’ 
Plain how this could be done with the aid of one othe istor — 


taken 
Specify the resistance required. (b) What percent of the power eax 


from the 110 volt line would appear in the toaster? as 
10-volt 
155. sine ie pena pps ri operat by \ % 
= : - 
6) Comput he creat een rns 839090 Maw Fig. 153 


torily at its Proper temperature, It Hine te this 
be operated on a 220-vo! way? 
ronald itn gota oar Se ee a 


heat production in the larger 220-watt iron? 


160. In Fig, 160 ie ditterence in potential between A and 
B is 43 volts, Find the equivalent resistance oe 2 


work between A and B. Foun nome 

A B 
161, on of ther et of 3-8 amperes flows through a com. 
three restotnnes resistances connected in parents * oo = 


“three vel. ae Mave valoes cf 1, 3, ad € cheat nce ree 


spectively, 

tS) wiat is the current in each restetance 

(b) What is the potential difference Fig. 160 
be A pe between the terminals 


(©) What isthe resistance ofthe combination? 


161 
162. Find the equivalent resistance of the network shown 
in Fig. 162a if the external connections are made to bring 
the current in at A and take it away at C, 


Solution: First reduce the network to the more sim- com. in c 
ple network of Fig. 162b by replacing the parallel com- -_———“ coe | 
bination of 2 and 5 ohms with a single equivalent resist- seamen | 
ance of 10/7 ohms. The network can then be further 

simplified by noting on Fig. 162b that the 8 ohm resist- . 

ance and the 10/7 ohm resistance form a series combi- Fig, 106s 


nation having an equivalent resistance 66/7 ohms as in- 

dicated in Fig. 162c. Finally note that the two resistances of 

Fig. 162c constitute a parallel combination with an equivalent 

resistance of 66/73 ohms, which is .905 ohms. A 8 eit 


163. (a) Find the equivalent resistance of the network of the en Cae 


preceding problem if connections are made to M and N. 
(b) If a difference in potential of 45 volts is applied between 


M and N by external connections not shown, how much current Wilke TEED 
will flow through the 8 ohm resistance. 

66/7 
164. (a) Compute the equivalent resistance between A and B for the 
network shown in Fig. 164. 
(b) Compute the equivalent resistance between M and N. 1 
165. A 2 ohm, a 3 ohm, and a 6 ohm resistance are available for use, Fig. 162c 


singly, two at a time, or three at a time, in any combination desired, 
Give the smallest and the largest resistance that could be obtained, stating what resistances 
would be used and showing how they would be connected. 


166. (a) A current is flowing through a resistance R 
of 1 ohm between two points A and B. If a 1000 ohm 
resistance is added in parallel to R, what will be the 
per cent change in the resistance between A and B? 
Will the change be an increase or a decrease? 

(b) Repeat (a) for a 1000 ohm resistance added to R in 
series between the points A and B. 


167. Starting with the equation 1/R = 1/R, +1/R, + 
soscvace ., Show that if a number of resistances are 

connected in parallel, the combined resistance will 
be smaller than the smallest individual resistance. 


Fig. 164 


162 / 


GROUP 18 


division by a c 
180. A galvanometer having a resistance of 200 ohms 1s oer rine poke ald oa 
10°* amp. How much resistance should be used as a shunt to ma! Cading 


2 amperes for each division? 
full scale deflection for 0,92 amp 

I galvanomete istance of 12 ohms and a 

rg ofa es into an pies mbes a full scale deflection of 0.5 amp, pn a ie re- 

Sistance. Show on a diagram how this can be done and compute the exact added re. 


Sistance 
181. A galvanometer of resistance 90 ohms and sensitivity 10-? amperes per division is made 


into an ammeter by a shunt of resistance 10 ohms. 


(2) What is the resistance of the ammeter? 
(b) What is the current through the ammeter when the deflection is 5 divisions? 


182. A milliammeter having a sensitivity of 1 milliampere per scale division and an over-all 


istance of 2.20 ohms, 
resistance of 2.00 ohms contains an internal shunt having a res 
be the resistance of an external shunt so that the total current flowing through the combination 


will be 5 milliamperes per scale division on the milliammeter? 


GROUP 19 


190. A galvanometer having a resistance of 180 ohms is deflected 1 division by a current of 
0.4 x 10% amp. What additional resistance is needed and how should it be connected to make a 


millivoltmeter reading 107 volts per division? 


190x. A galvanometer has a coil resistance of 50 ohms, and a current of 0.001 amp causes it to 
deflect one scale division. Calculate the resistance required to change the galvanometer into a 
voltmeter reading 10 volts per scale division, and show on a figure how it should be connected, 


191. 4 voltmeter is connected in series with a resistance R and a potential difference of 110 
volts is applied to the extremes of the combination, The voltmeter has a resistance of 200 ohms 
and reads 5 volts when connected as stated, Compute the value of R. 


192, (a) A voltmeter and an ammeter are connected to a lamp R 

as shown in Fig. 192, to determine the resistance of the lamp by 

the use of Ohm’s law, The ammeter reads 0,1 amp and the volt- 

meter reads 20 volts. What is the resistance between the points re. 

A and B? 

(b) If the voltmeter has a resistance of 400 ohms, what is the value 

of the resistance R? ! 

(c) If the voltmeter had a resistance of 100,000 ohms instead of 

400 ohms, what would it read when the ammeter read 0.1 amp? Fig. 192 


193. 4 milliammeter having a resistance of 20 ohms reads 5 milliamperes at full scale deflec- 
tion. How could this meter be used as a millivoltmeter having a full scale deflection of 100 
millivolts? 


163 


194. A multiplier is used with a voltmeter having a full scale reading of V, 0 that a larger 
difference in potential V across the combination corresponds to a full scale reading on the volt- 
meter. If Ry is the resistance of the voltmeter and R, the resistance of the multiplier, express 
R, in terms of Ry, V,, and V, 


‘ 5. A certain microammeter has a full scale reading of .0005 amp and a resistance of 120 
ohms. It is shunted by a resistance of 120 ohms and the combination is connected in series with 
a resistance of 20,000 ohms between two terminals A and B, What difference in potential be- 
tween A and B will be indicated by a full scale reading of the microammeter? 


GROUP 20 


200. A current of 5 amp is flowing through a number of cells 

as shown in Fig. 200. 

(a) If the cells are storage cells, state for each battery whether 

it is being charged or discharged. i . 

(b) Find the difference in potential between A and B and state A ata B jz ¢ 
which point is higher. f {i 7 
(c) Find the difference in potential between B and C and state ‘on lowe 
which is higher. 


200x. Repeat the parts of problem 200 for the cells shown 
in Fig. 200X. (The current is driven in this direction by 
some strong source of emf in the rest of the circuit which is 
\ not shown.) 
\\ | Solution: (a) The cell AB is being discharged, and the cell Sgt 8 yf 
| BC is being charged. In the first cell the chemical emf is in zvour wvar * 
the direction of the current, and is therefore doing work. In Stem Pee 
the second cell, the charges move in at the high potential end, 
do work against the emf, and move out at the low potential Fig. 200X 
end with less energy. The work done against the emf is stored in the cell as chemical energy. 


(b) For a cell with current in the direction of the emf the gain in potential V = E - IRj. That is, 
‘ charges gain energy from the emf and lose some as heat. Hence 

YS V = 2 volts - (5 amp x .5 ohm) = (2 - 2.5) volt = -.5 volt 

Hence the charges gain less than they lose and B is lower in potential than A, or A is higher 
than B. 


(c) For a cell being charged, the loss in potential V = E + IR. That is, the charges lose energy 
| to the chemical emf and also as heat. Hence 
| 


V =12 volts + (5 amp x 2 ohms) = (12 + 10) volts = 22 volts 
| Since this is a loss in potential, B is higher in potential than C. 
201, What condition would be necessary in order for the positive terminal of a cell to be at a 


lower potential than the negative terminal if the cell has an emf of 1.5 volts and an internal re- 
sistance of .5 ohm? 


164 
GROUP 21 


210x. A battery of storage cells furnishes an emf of 100 volts 


and has an internal resistance of 6 ohms, It is connected in a 

Circuit with three external resistances and a switch S as shown B 2 OnMS 

in Fig. 210x. 

(a) What current will flow? 

(b) What will be the difference in potential between A and B, “wr | scsi 

that is, between the terminals of the battery? “WP 6 on D 


(c) Draw a diagram showing the different lettered points of the 
circuit arranged in order on a horizontal line beginning with 

A, and show the potential changes along the circuit by a graph 
which indicates potential by vertical distance above this hori- 
zontal line, 

(a) Draw a similar diagram showing the potential changes along 
the circuit for the same circuit when the switch S is open. 


Ne Solution‘ (a) From Eq. (161-2), page 49, 
: I = 100 volts/(6 + 2 +40 + 2) ohms 
= 2 amp 
. (b) From Eq. (156-2) e 48, the gain in potential V in passing from A to B throt 
is given by nee ts He gaan tn porenl PASE NE. ugh the battery 


2 onms 


Fig. 210x 


V = 100 volts - (2 amp x 6 ohms) 
= 100 volts - 12 volts 
= 88 volts 


(c) (d) 


165 
210, A battery having E = 6 volts and an inter 
Ril ohm is connected in a simple series emia 
Jamp having a resistance of 8 ohms anda rh 
a resistance of 3 ohms, eostat R having 


Find the answers to parts (a) (b) (c) and (d) of p 
using the circuit shown in Fig, 210, oe EPO IOS 


Fig. 210 
6 
Vous, 
5 
Mt 
3 
2 
{ 
0 
A 8 e > A 


Ri 8 Souns 


. OHMS Sonms B onms 


Graph for Prob, 210(c) Graph for Prob. 210(d) 


211. A dry cell having an internal resistance of .05 ohm and an emf of 1.5 volts is to be used to 
furnish heat in a small resistance R of .05 ohm. 

(a) What current will flow? 

(b) What will be the difference in potential across R? 

(c) How much energy will be liberated as heat in R in 30 seconds? 

(d) How much energy will be wasted inside the cell as heat in the same time? 


212. When a wire having a resistance of .4 ohm is connected between the terminals of a dry 
cell with an emf of 1.5 volts, the potential difference between the terminals falls to 1 volt. What 
is the current in the wire and what is the internal resistance of the cell? 


213. A storage battery has an internal resistance of 0.03 ohms and an emf of 6 volts. 

(a) What is the maximum current this battery could furnish? 

(b) What would be the difference in potential between the terminals when furnishing this current? 
(c) What becomes of the chemical energy expended? 


214. A voltmeter taking negligible current is connected to an electrical outlet and reads 120 
volts, When an electric heater marked 120 volts, 2880 watts (R = 5 ohms) is plugged in, the 
voltmeter reading drops to 100 volts. If it is known that the generator at the power station 
maintains a constant terminal voltage of 120 volts, what is the resistance of the line from the 
power house to the outlet? 


a 


of .5 ohm is set up on 
166 internal resistance f .25 ohm for 500 
40 volts and an sistance of. 
wine’ Turnish current f'n tent 600 ft away, Wires having a Pe 

ruck to s 


is the onl 
ft of length are used for the connecting sande a lamp bulb taking 2 amperes if it is y 
(a) What will be the potential difference 


. rallel wi 
thing connected to the line at os ai across the lamp if a stove is connected in pa ith 
(b) What will be the potential differenc 


the lamp such that the two together take 20 amperes? 


id the return side of the line 
Solution: (a) The generator, one side of the line, a on 49 gives 
are all connected in a series circuit, Using Eq. (161-1), 


amp x .25 ohm) 
40 volts = (2 amp x 5 ohm + (2 amp x .25 ohm) + (2 amp x R) + (2 amp 
where R is the resistance of the lamp. Hence 

40 volts = (1 volt) + (.5 volts) + (X) + (.5 volt) 


tor itself, and .5 
volte in ecntne Voltage across the lamp. Note that 1 volt is lost in wiles itinptiited sachets ts 
Volts in each side of the line. The energy involved in these losses 

the wires. Thus 


X = (40 - 2) volts 
= 38 volts 
(b) Using the Same method as in part (a) gives 
40 volts = (20 amp x .5 ohm) + (20 amp x .25 ohm) + (X) + (20 amp x .25 ohm) 
or, 40 volts = 10 volts + 5 volts + X +5 volts 
Hence X = (40 - 20) volts = 20 volts, 


216. A voltmeter and a milliammeter are connected in series to a batte 


volts and negligible interna) resistance, The voltmeter reads 5.95 volts 
reads .05 amp, 


(a) What is the resistance of each instrument? 


ry having an emf of 6 
and the milliammeter 


221. Find the emf and internal resistance of a 5 le cell which i 
Could replace al] three cells in the circuit - 


of the prece, - 6 on 
lem and give the same current, x ding prob a 
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GROUP 23 


930, Two batteries as shown in Fig, 230 send a current of 6 amperes 


through R. 
(a) Find the direction and magnitude of the current in the 2-volt bat- eho 


tery: 
— (do) Compute the value of R, 


30x. (a) Find the potential difference between A and B in Fig. 230x 


and state which point is higher, 
(p) Find the direction and magnitude of the current in the 8-volt 
pattery. 6 Ane x 
(c) Find the internal resistance of the 6-volt battery. 
Fig. 230 


_ 231. Four similar storage cells of negligible internal resistance 
and 2 volts emf are connected as shown in Fig, 231. What current 
will flow in the 10 ohm resistor? Y 


GROUP 24 


240. Ina slide-wire bridge, such as is illustrated in Fig. 240, the slide-wire AB has a length 
Lof 100cm. The distance AK is 40 cm, and R is 100 ohms, The emf of E is 3 volts and the 
cell has negligible internal resistance. 

(a) What is the value of the resistance X? 

(b) What current will be flowing through the resistance X when the bridge is balanced? 

| (c) Ifa battery E' of 6 volts were put in place of E, without changing anything else, would the 

| bridge remain balanced? 

| (d) If a galvanometer having a different resistance were substituted for the original one, would 
| 


the bridge still be balanced? 


241. Two resistances, a galvanometer and a battery, are permanently connected as shown in 
Fig. 241. An unknown resistance, X, may be connected between either pair of binding posts, A 
' or B, and a variable known resistance, R, may be connected between the other pair. If R may 
‘be made to have any value between 1 and 111 ohms, what is the smallest and what is the largest 
value of X that can be measured, using the arrangement as a Wheatstone’s bridge? 


Wass 


Fig. 231 F ig. 240 
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242. Ina bridge as shown in Fig. 242, R, = 8 ohms, neha 
the potential difference across R, is 6 volts and sep d the potential 
R is 2 amp. Find the value of the resistance X and fin 

between A and B, 


= 4 ohms, 
t through 


c 
[v7 Fig. 242 
GROUP 25 . 


resistance 
250. A piece of copper wire has a resistance of 2 ohms, eee ee Bd aie nee on 
another piece of copper wire having twice the length and twice 


251. What must be the diameter of a piece of nickel wire 4 meters long in order that it shall 
have a resistance of 2 ohms at 20° C? 


251X. A tube of mercury 1 meter long has a resistance of 1 ohm at 20°C. What is the diam- 
be? 


eter of the tu 


258. A wire 20 ft long and .020 inches in diameter has a resistance of 5 ohms. What is its 
resistivity in ohm-C.M./ft? 


253x. How many feet of nichrome wire .015 inches in diameter must be used in a 600 watt 
heater for use on 120 volts? 


255. The resistance of a piece of steel wire having a diameter of .008 inch and a length of 20 
feet is 25 ohms, 

(a) What is the resistivity of this steel in ohm-C.M./ft? 

(b) What would be the resistivity of this same steel in a wire having a diameter of .004 inches 
and a length of 40 ft? 


256. (a) How would the area of an aluminum wire compare numerically with the area of a cop- 
per wire having the same resistance per foot of length? 
(b) How would the diameter of the aluminum wire compare with that of the copper? 


GROUP 26 


260. The resistance of a wire at 20° C is 45.0 ohms. At 100° it is 55.0 ohms. What is its 
temperature coefficient of resistance? 


261. If the temperature of a tungsten filament in a incandescent lamp is 1400° C when operat- 
ing, what would be the resistance of a 120-watt, 120-volt lamp when the filament was at the 
temperature of melting ice, assuming a constant coefficient as given in the table on page 37. 


a: 
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GROUP 27 


270. A battery B is connected to the ends of a uniform resistance wire W having a resistance 
of .02 ohms per cm. A cell C having an emf of 1.2 volts and galvanometer having a resistance 
of 100 ohms are connected together in series, and the two ends of this series combination are 
touched to two points of the wire W 60cm apart. If the galvanometer shows no deflection, what 
current is flowing in the wire W? 


271. In Fig. 271, AB is a uniform wire having a total resistance 


* of four ohms and a length of one meter, S has an emf of 6 volts 


| 78. A cell C was connected to the ends of a uniform 


and a negligible internal resistance. C is a dry cell having an 8 
emf of 1.5 volts. 

(a) What must be the resistance between T and B so that no cur- T 
rent will flow through the galvanometer G? 
(b) What would the length of wire between T and B have to be for 

balance? * c 
(c) If the connections to the terminals of the cell C were reversed, 
leaving other connections the same, would it be possible to find a 
distance TB between A and B so that the current in G would be 
zero? 


Fig. 271 


272. A battery having an emf of 6 volts is used to furnish current in a potentiometer to balance 
the potential difference of a cell having an emf of about 1.2 volts, Show ona drawing how the 
cells should be connected. Mark the + and - terminals of the cells, the direction of the current 
in the potentiometer wire, the position of the galvanometer, and show approximately the position 
of the tap relative to the ends of the potentiometer wire. 


273, A 2-volt battery of negligible internal resistance is used at B in Fig. 172 on page 52. The 
wire AD is 100 cm long and has a resistance of .04 ohm per cm of length. What must be the 
resistance W in order that a cell having an emf of .1 volt will be balanced by 10 cm of the slide- 


wire? 


4, If a potentiometer circuit as shown in Fig. 172, page 52 is balanced, give the direction of 
the current, if any, that would flow through G if (a) T' is moved toward D, (b) W is increased, 
(c) the resistance of the galvanometer is increased by a rise in temperature of the galvanom- 
eter, (d) the emf of B is increased, (e) the internal resistance of C increases, (f) the internal 
resistance of B increases, 


5, If the galvanometer in Fig. 275 reads zero when 
either key K, or K, is closed, what is the emf of C and 
what is the difference in potential across the 20 ohm re- 
sistor. 


potentiometer wire 100.0 cm long, forming a closed cir- 
cuit, When a standard cell (emf = 1.096 v) with a galva- 
nometer was connected to two points on the wire 80.00 
cm apart, it was found that the emf of the standard cell 
was balanced, Given that 10/8 of 1.096 is 1.37, is the emf 
of C equal to, larger than, or smaller than 1.37 volts? 
Explain. 


Fig. 275 


170 “ais 
277. Wf the galvanometer G in Fig. ana : 
, the emf of C is 6 volts, what must be the va 


1? 


Fig. 277 
GROUP 28 


280. coc ing in 2 resistence of 100 ohana reads 9 miliolis when comecieg 4, 


‘ermocouple having a resistance of 20 ohms, what is the emf of the couples 
281. =—- terminal voltage of a thermo couple in which E 
(a) Given V = £ IR¢ for the tok. ques wit 


the temperature. Prove that V as measured by a voltmeter is a 
Coupe having Scorestanee of Schms is used to read the terminal volage V oq 0,4 Ml 
2 resistance of 2 ohms and a variable emf E. TV = KE, compute the vals of 5 


GROUP 29 


290. (a) The figure shows a 
&raph of V vs I for a certain 
Carbon are A. Draw a graph on 


\ 
\ 
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GROUP 30 


300, A horizontal wire 2 cm long carrying a current of 50 amperes to the east is forced to the 
south with a force of .5/gf. This force ts the maximum force that can be found for any orienta- 


tion of the wire at that point. What is the magnitude B at that point? Express 
in webers Per m® and in gauss, gnitude and direction of B a po 


301. A straight horizontal wire runs east and west in the northern hemisphere in place where 
the earth’s total field is 0.3 gauss and the angle of dip is 60°, The wire carries @ current of 20 


amp to the west, What will be the magnitude and direction of the force on & 5 meter length of 
this wire? 


| gog, What will be the magnitude and direction of the force on a 5 meter piece of wire placed 


\+} 
y 


horizontally in a north and south direction if the wire carries a current of 20 amp to the north 


,in the northern hemisphere where the earth's total field is 0.3 gauss with an angle of dip of 60°? 


303, What will be the magnitude and direction of the force on the 5 meter piece of wire of the 
preceding problem if it is placed in a vertical position with the current flowing down? 


— 


GROUP 31 


310, A coil 5 cm wide and 10 cm high is in a vertical north and south plane, where there is 2 
uniform horizontal field of 0.4 gauss to the north. There are 100 turns in the coil and a current 
of 2 amperes is flowing down in the north side. 

(a) What is the magnitude and direction of the force on the north side of the coil? 

(bo) What is the magnitude of the torque on the coil about a vertical axis? 


GROUP 32 


320. Positive charges shot into an evacuated space move around in horizontal circles in 2 
clockwise direction as seen looking down. What is the direction of the field in that space? 


321, (a) What will be the radius of curvature of an electron moving horizontally through a ver- 
tical field of 800 gauss if the electron has the velocity it gained in moving through a difference 
in potential of 2000 volts. Assume the mass of the electron is as given in Sect. 12 for an elec- 
tron at rest. : 

(b) If the field is directed vertically downward, will the electron move clockwise or counter- 
clockwise as viewed from above? 


GROUP 33 


uss, 
$30. Ata Point P on the equator, the earth’s cn ear peony 4 
A magnet NS is placed horizontally on a line exten field of .40 
The field at p due to the magnet NS is a horizontal fie : ma 
Gauss, 
(a) What is the magnitude and direction of the total field ae 

) In what direction would the north pole of a compass po 

Placed at Pp? 


331. At the same point P as in the preceding reentry ee 
Compass needle points its N pole 30° to the east of north w 
magnet AB is placed as shown in Fig. 331. Fig. 330 
(a) What is the field of the magnet AB at P? 

(b) Is the end A a north or a south pole? 


882. Fig. 332 shows a bar magnet AB lying on a horizontal Be 
table top as viewed from above, / € 
(a) If the resultant horizontal field at P is zero due to both J 

the earth’s field and that of the magnet AB, which pole is at Ed 
the A end of the magnet? 

(b) If the resultant horizontal field at Q is zero, which pole is Py 

at the A end of the magnet? la 


333. Fig. 333 shows a horizontal table top as viewed from Fig. 331 
above. State in which of the following positions a bar magnet 
Could be laid on the table to make a compass needle at 0 de- 
flect away from the northward direction to the east, 

(1) at R with the N Pole to the west, 

(2) at S with the N pole to the west. 


334. The value of the horizontal component of the earth’s field 
at a certain point is -21 gauss, What is the vertical component of 
the field if the angle of dip is 60°? 


335. The horizontal component of the earth’s field is -3 gauss and 
the angle of dip is 30° ata certain place in the northern hemisphere. 
What will be the magnitude and direction of the force on a horizon- 
tal piece of wire 15 meters long running north and south carrying 

4 current of 200 amperes to the south? 


Fig. 332 


Fig. 333 


Toten nen, 
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GROUP 34 


340. The flux density of the earth's field at the north (artic) magnetic pole is .25 gauss. 

(a) How many lines of flux representing webers will pass through a horizontal area of 1 square 
meter? 

(0) How much horizontal area in meters is allocated to each line of flux in webers? 

(c) How many lines of flux representing microwebers will pass through & horizontal area of 1 
square meter? 


341, The lines of force representing the field of a cyclotron magnet emerge perpendicularly 
from the surface of the north pole of the magnet. The face of the pole is a round flat surface 
having ee of 1 meter. The average flux density in the space near this surface is 

.5 web/m’. 

(a) How many lines of force leaving the pole face would be needed to represent the flux from the 
face of the pole measured in webers? 

(>) How many lines would be needed to represent the flux in microwebers? 

(c) How much force would this field exert on a straight wire carrying a current of 30 amperes 
parallel to the face of the pole, assuming the field is negligible beyond the edge of the pole face. 


342. The flux density of the earth’s field is 2 x 10 webers per square meter at a point in the 
northern hemisphere where the angle of dip is 30°. 

(a) What will be the flux in webers through a horizontal area of 1 square mile? (Use 1 square 
mile = 2.59 x 10 square meters). 

(o) How many lines representing the flux in microwebs will pass through a window in a vertical 
east and west wall if the window is 1 meter wide and 2 meters high? 


GROUP 35 


350. (a) A horizontal trolley wire OAB is 5 meters directly above a point P on the ground as 
shown in Fig. 350. If AB is a 2 mm section of the wire, and r is 8 m, what will be the magni- 
tude and direction of the magnetic field at P due to the little section AB if the current in the 

wire is 200 amperes flowing northward? 

(o) If the distance OB is 3100 times as great as the 

distance AB, will the field at P due to OB be 3100 

times that due to AB? Explain. ° I ae 
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351. A current is flowing east in a straight level section of 
a wire shown in Fig. 361, The points P, R, and T are each 
10cm froma point 0 on the wire, and all four points lie 
in the same vertical plane. The section AB is 0,02 cm 
long, and a current of 1500 amperes is flowing as indi- i 
cated by the arrow, What will be the direction and magni- 
tude of the magnetic field due to the current in the seg- 
1 
| 


ment AB at each point P, R, and T? si 
$52. (a) In Fig. 352 the length AB is 6 cm, BC is 7.85 em i ane 

along a circular are § em in radius, and CD is 6cm, A — Z —7 
current of 15 amperes is flowing through ABCD, What as 
will be the field at the center 0 of the arc due to the cur- 


rents in the conductor between A and D? 

(b) If the wire CD carrying the current away is moved 

through an angle 6, as shown, to a position CE, will the Fig. 351 
ng at 0 be increased, decreased, or unaffected? Ex- 

plain, 


GROUP 36 


360. Compute the flux density at the center of a flat circular coil of 60 turns having a radius of 
-12 m due to a current of 15 amperes, 


361. A flat circular coil having three turns with a radius of 5 m is 
lying on a horizontal table top. If a current of 250 amperes is flow- 
ing clockwise in the coil as viewed from above, what is the magnitude 
and direction of the magnetic field produced at the center of the coil? 


362. Anarc of wire 20 meters long having a radius of curvature of 15 whe 
meters is lying on a floor as shown in Fig. 362. A current of 3000 

amperes is flowing in the direction indicated in the figure. What is the 

magnitude and direction of the field produced at the center of curvature 

C due to the 20 meters of wire? ce 


Fig. 362 


GROUP 37 


/ 
“ 370, A tangent galvanometer(!) has a coil of 12 turns with a radius of 15cm, The horizontal 
component of the earth’s field is .2 gauss. The north pole of the compass needle is deflected 
60° to the east by a current in the coil, 
(a) What is the field at the center of the coil due to the current? 
(b) What is the current in amperes? 
(c) Is the current flowing up or down in the north side of the coil? 


371. (a) What current in amperes will be required to give a deflection of 45° in a tangent galva- 
nometer with 1500 turns having a radius of 20 cm, if the horizontal component of the earth’s 
field is .2 gauss? 

(p) What would be the field at the center of the coil due to this current? 


372. Describe the position required for the coil in a tangent galvanometer, and the direction 
of current flow required to deflect the north pole of the needle to the east. 


373. A tangent galvanometer is set by mistake with the coil in an east and west vertical plane. 
A current I flows through the coil in a clockwise direction as seen looking to the south, and is 
steadily increased from a value of zero to a value that would produce a 60° deflection if the 
galvanometer were properly used. What change, if any, would occur in the deflection of the 
needle as the current is increased? 


(i) A flat coil of wire placed in a vertical north and south plane with a compass needle at the 
center of the coil constitutes a tangent galvanometer. A horizontal cross-section through such 
an arrangement is shown in Fig. 370 as it would appear looking downward. If the current is 
flowing up in the south side of the coil, as indicated, the field By due to the coil will be a west- 
ward field, as shown. The magnitude of B, will be given by 

Be = PoNI/2R (1) 
The compass needle at the center of the coil will take up the 
position of the resultant of By and the horizontal component Be 
of the earth’s field. If @ is the angle by which the compass needle 
is deflected away from the north, the tangent of @ will be B/Be. 
Thus, 


Be = Be tan 8. (2) 
Substitution in equation (2) from equation (1) gives 
H QNI/2R = Be tan @ (3) 
2BeR 
on —— (4) Fig. 370 


Thus, if the earth’s field is known, the current can be computed from the observed deflection, 
and the arrangement can be used as a galvanometer to measure current. The tangent galvanom- 
eter is seldom used in practice, but the principles involved in its operation are of fundamental 
importance. 
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GROUP 39 


390. A straight trolley wire five meters above the street tag as Sinapie the 
carries a current of 200 amperes to the east, what will be the dir e 


? 
field due to this current at a point on the street directly below the wire 


in a long vertical wire to give a field 
391. (a) How s of current must flow upward 
of ton falcicomsh) os! ate pela P,8cm east of the wire, assuming that the wire extends far 


above and below this point, and what will be the direction of the field at P? 


GROUP 40 


400. A current of 5 amp flows ina large solenoid 1.5 meters in diameter and 20 meters long 
which is uniformly wound with 8000 turns. What is the flux density eau the ee elds the 
Solenoid at a point far from either end? (Cross-sectional area =7 R? = 1.77 m?), 


401. A current of 12 amperes flows in a uniformly wound solenoid wii is 1 m long and has a 
total of 1600 turns. The cross-sectional area is 4 cm?, or .0004 m?. 


(a) Compute the flux density at the center of the solenoid. 
(b) Compute the total number of lines of flux through the solenoid at its center to represent the 


flux in webers and in microwebers. 


402. A long thin solenoid has 1200 turns for each 80 cm of length, and has a cross-sectional 


area of 2 cm?, 
(a) What current in amperes will be required to produce a field of .006 web/m? in the solenoid? 


(b) What will be the flux through the solenoid at its center? 


403. What current would have to flow in a long solenoid having 1200 turns per m and an area of 
5 cm?, if we wish to have a magnetic flux of 3 microwebs through the solenoid at the middle? 


GROUP 45 


451. Two parallel wires 3 cm apart extend north and south. One is directly above the other. 
The top wire carries a current of 15 amperes north and the lower wire carries a current of 45 
amperes in the same direction, 

(a) What is the flux density at the lower wire due to the current in the upper wire? 

(b) What is the magnitude and direction of the force on each meter of the lower wire? 


452. For the two wires of problem 451, compute the flux density at the top wire due to the cur- 
rent in the lower wire, and then compute the force exerted by this flux density on one meter of 


the upper wire, 3 
er 
{ey 
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GROUP 49 


90. A permanent magnet having a flux of 20 microwebs is inserted in a coil of 300 turns ina 
aan of .2 sec. What will be the average emf induced during the .2 second interval? 
agi. A solenoid having 1000 turns per m of length is surrounded at its center by @ flux measur- 
ing coil C of $ turns. The area of the solenoid is 8 cm* and the coil C fits so closely that its 
area may be taken to be the same. The current in the solenoid is increased uniformly from 2 
amperes to 5 amperes in 2 seconds. 

(a) what is the increase in the flux through the coil C? 

fo) What is the emf induced in the coil C while the current is increasing. 


GROUP 50 


500. (a) A straight piece of wire 10 cm long forms a part of the armature winding in a large 

generator. This piece of wire is perpendicular to a magnetic field of 1 weber/m?, and as the 

armature rotates, the wire is carried 50 cm in .2 seconds in a direction perpendicular to both 

the field and wire. What is the emf induced in this piece of wire? 

(o) How much force will be required to keep this piece of wire moving if a current of 200 am- 
res flows in the wire? 

(c) What will be the emf and force for the 10 cm piece of wire if no current flows, the field and 

speed of rotation remaining unchanged, 


GROUP 51 


510. A flux meter consists of a 200 turn coil having a resistance of 5 ohms connected in series 
with a ballistic galvanometer having a resistance of 80 ohms. If it requires 2 microcoulombs 
of charge to deflect the galvanometer one cm, how much change in flux through the coil will de- 


flect the galvanometer 10 cm? 


511. A ballistic galvanometer is connected to a coil C to serve as a fluxmeter as shown in Fig. 
511. The fluxmeter is to be calibrated by using a solenoid AB to furnish a known change in flux 
in the coil C: When a field of 0040 web/m? is established in the solenoid by turning on the cur- 
rent in the solenoid, the ballistic deflection of the galvanometer 

is 4m. If the solenoid has a cross-sectional area of 2 cm’, what 

is the calibration of the fluxmeter in lines of flux {per cm of de- 

flection? : 


512. A rectangular coil 50 cm x 80cm having 500 turns is con- 

nected to a ballistic galvanometer to form a fluxmeter. The coil A B 
and galvanometer together have a resistance of 200 ohms. If the c 

coil is quickly rotated from a position parallel to the earth’s field 

to a position perpendicular to the field, a charge of 20 microcoul 

passes through the galvanometer. What is the value of the earth’s 

field at that point, in gauss? Fig. 511 
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nome 
513. How much charge will pass through ae ope ae 
180° from one Position perpendicular to the 


ter of Problem 512 if the oul is rotates 
her perpendicular position? 


Problem 512 if the angle of dip is 
514, How much charge will pass through the ie anager north and south plane to a ver_ 
30° and if the coil is rotated about a vertical axis from 


tical east and west plant? 


515. A Permanent magnet having a cross- 

Sectional area of 2 cm? is inserted as shown 

into a coil of 80 turns. The coil and a gal- 

vanometer in series have a resistance of 4 

ohms, anda charge of .0002 coulomb flows 

when the magnet is inserted. 

(a) What is the total flux at the center of the 

magnet? 

(b) What is the flux density at the center of 

the magnet? Fig. 515 


GROUP 53 


In all problems below that involve the magnetic properties of materials it is tobe assumeqd  @ 


that the material is in the form of an effectively endless bar magnetized parallel to its length, 
and that it is in an effectively endless solenoid, unless otherwise specified, 


F - m 
530. An unmagnetized bar having a cross section of 4 cm? is ina solenoid of the same size, 
current that produces a magnetizing field Bo of 500 microweb/m? in the solenoid is turned on. 
A galvanometer connected to a flux measuring coil around the solenoid is deflected 10 cm, in- 


531. The entire flux through a solenoid with a core is 100 microweb The area of the solenoid 
which is completely filled with the core is 10 cm’, or -O0I mi*| The field due to the current in 
the solenoid 


(c) If the current in the solenoid were kept constant and the core 
would be left in the solenoid? 


532. What will be the total flux through a core if the flux density of the magnetizing field is 
2000 microweb/ m?, the cross-sectional area of the core 75 cm?, and the relative permeability 
for that field is 8007 
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534. A solenoid having an area of 6 cm® is completely filled with a permalloy core. The total 
flux is 500 microweb when the flux density produced by the solenoid current alon@ is 1000 mi- 
croweb/m?, 

(a) What is the relative permeability of the permalloy under those conditions? 

(b) If the permalloy is magnetically saturated in part (a), what will be the entire flux in the sole - 
noid if the magnetizing field is increased by a factor of 207 


GROUP 54 


540. A short permanent bar magnet 8 cm from pole to pole is placed crosswise inside a long 
solenoid at a point far from either end. The solenoid has 6000 turns in § meters of length with 
a current of 15 amp. If it required a torque of 117 gf cm to hold the magnet perpendicular to the 
field in the solenoid, what is the pole strength of the magnet? 


541. A horizontal magnet suspended to swing freely about a vertical axis in the earth’s field 
oscillates with a period of 12 seconds. A permanent magnet is placed on a table near by and 
the first magnet then oscillates with a period of 3 seconds. If the horizontal component of the 
earth’s field is .2 gauss, what is the horizontal component of the total field existing after the 
second magnet was placed nearby? 


560. (a) Express the efficiency of a gen- ear * 
erator in terms of the input torque L, 

the angular velocity w , the output voltage 
V, and the output current I. 

(b) Starting with the mechanical input 
power L w, draw a diagram showing how 
this power is divided between the various 
losses and the useful output (VI) of elec- 
trical power. Consider eddy current and 
hysteresis losses as lumped in with the 
mechanical losses . (Solution given). 


561. Starting with the electrical input 

power (= VI) for a motor, draw a dia- 

gram similar to the above, showing the 

power losses and energy transforma- 

tions through to the mechanical power Fig. 560 
output, and express the efficiency in 

terms of L, w , land V. 


562. A series wound motor takes a current of 0.5 amp from a 110 volt line. The field resist- 
ance is 8 ohms and the armature resistance is 12 ohms. How much electrical power is con- 
verted into mechanical power (including mechanical losses)? 
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563. The motor of problem 562 is 
Sistance sech that a current of .5 am! toe 
enme scarce of mechanical power to serve as'0 E°>° 

Itage of 120 volts when furnishing a current of 
age ee armature resistance is .5 ohm. 


0 volt line and is connected to a ro_ 
hine is turned at the same speeq 
_ What will be the output voltage? 


564. A shunt wound geserator has an 00 
30 amp. The field resistance is 60 ohms, 
(a) What is the induced emf? generator? 
@) What is the resistance of the load comected to the ca aoxing if the soechanies! lovasg 
(c) How much power will be required to keep the € saa 


(d) What is the efficiency? 
Ca ae ee aoke Aten lone ee Secreto, SOE er opined et 
Cee ee a ten tn ineacent, ote Seen required keep 
voltage?(1) 

i armature current is 5 amp. The 
565. A shunt moto has a fixed input voltage of 110 V. The 2 
A et er ee of (mend, aol Unidield Law cece Se Fe, 
(2) What is the electrical power used? 
(b) What is the back emf? 
Ceres serail ines netics ti he fend Sn ET mer cae 

i or a decrease in each case.(1) ool 


the generator is 8 volts. “ 
(a) Find the direction and magnitude of the current in G. ii 


(b) Find the direction and magnitude of the current in L. 
(c) Find the direction and magnitude of the current in S. lis 
367. Repeat Problem 566 for an armature speed such that the in- 
duced emf is 12 volts. 
Fig. 566 


568. Repeat Problem 566 where the induced emf is 4 volts. 


569. Find the value of the emf that would have to be generated so that no current would flow in 
the battery, in the circuit of Problem 566. 


GROUP 58 


580. What would be the time required for a 10 mfd condenser to discharge to 1/2.72 of its orig- 
inal voltage if it is discharged through a resistance of (a) 5000 ohms, (b) 2 megohms? 


(i) ln problems 564 and 565 assume that the field remains constant. This would be approximate- 
ly the case if the field magnet was saturated. 
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581. Show that 1 ohm farad is equal to 1 second, 


582. What is the capacitance of a condenser if it discharges to 1/2.72 of its original value In 
-08 seconds through a resistance of 50,000 ohms, 


583. A condenser having a capacitance of 2 mfd is discharged through a resistance R which 
gives the curve A of Fig. $21, Sect. $21. (a) What is the value of R? Find the current at the in- 
stant the condenser is half discharged. (The slope of the curve may be determined graphically 
when needed), 


583x. Solve problem 583 for a resistance which gives the curve B. 


GROUP 59 


590. A 1 mfd condenser connected in a circuit as shown in Fig. 590 is 
charged by moving K over to F, then discharged by moving K over to E. 
If this is repeated 50 times per second, what is the average current flow- 
ing through the galvanometer G? The potential difference of the cell ter- 
minals is 3 volts. 


591. If the condenser of the preceding problem had a capacitance of 8 € 
microfarads, and was charged and discharged by moving K back and forth 
120 times per second, what would be the magnitude and direction of the PF 


average current through the galvanometer? * 


592. Referring to Fig. 590, a galvanometer reads 40 microamperes when 
the difference in potential furnished by B is 4 volts and the key is oper- Fig. 590 
ated 20 times per sec., 


(a) What is the value of C? 
(b) What would the galvanometer read if placed in the line between B and F, and would the cur- 


rent flow from B to F, or vice versa, when the key was operated? 
(c) What would be the galvanometer reading if it were placed between C and K? 


GROUP 60 


600. An emf of 8 volts is induced in a secondary coil when the current in the primary changes 
at the rate of 400 amp per sec. What is the mutual inductance between the two coils? 


601. Two coils have a mutual inductance of 60 mh. A current in the primary increases uni- 
formly from 0 to 2 amp in .001 sec. What will be the emf in the secondary coil? 


602. Can you describe an arrangement whereby two large coils might be close together and 
still have zero mutual inductance? 


603. Explain why the mutual inductance between two coils may not be constant for all values of 
the current in the first coil if an iron core is used in either coil. 


GROUP 61 


810. An emf of 20 volts is induced in a coil when @ cagant neat Toei mine ee 
Per second, What is the self-induction of the coil expressed in TIES, 


of a4 henry coil when it carries a cur- 
from the data. 


magnetic field 


611, the 
How much energy is stored in far the answer follows 


rent of 50 amperes? Show how the unit 


GROUP 62 


620. Fig. 620 shows the rate of 
growth of current in two different 
coils when each one is connected to 
a 12 volt battery of negligible inter- 
nal resistance. The dotted lines 
represent the initial slopes of the 
graphs. Deduce the approximate 
value of the inductance and resist- 
ance of each coil. 


AMPERES 


621. A cell of 6 volts is connected 
in series to a coil of wire having a 
resistance of 2 ohms and an induct- Fig. 620 

ance of 0.5 henry. 

(a) What will be the rate of increase of the current at the instant the switch is closed? 


(b) What will be the final value of the current? 
(c) What will be the rate of increase of the current when the current has reached one-fourth of 


its final value? 


622. A circuit containing a battery of 12 volts is sending a current of 10 amperes through a coil 
connected in series with it. If the circuit is broken, can the emf across the break be greater 
than 12 volts? Can the current in the inductance when the spark occurs be greater than 10 am- 


peres? Explain. 


GROUP 75 


750. A flat generator coil is rotating 20 times per second in a field such that the maximum 
value of the emf is 100 volts, The phase angle of the generated emf is zero when t is zero. 

(a) Find the instantaneous emf in this coil when the phase angle is 0°, 30°, 90°, 150°, 180°, 270°. 
(b) What will be the algebraic sign of the generated emf for phase angles in each of the four 
quadrants of a complete cycle? 

(c) What will be the instantaneous value of the emf at a time 1 and 7/12 periods after t = 0? 
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751. (a) A coil mounted on a shaft ts rotating in a uniform magnetic field. The maximum 
value of the emf is 100 volts, and the coil makes 20 revolutions per second. Draw a graph of 
the instantaneous emf e, plotted against time for three complete revolutions. Start counting 
time when e, is zero and increasing. Let 4 cm on your graph represent 1/20 sec. 
(b) Draw a second curve labeled e,, on the same axes used in part (a), showing the emf induced 
in a second similar coil mounted on the same shaft go that it is always 60° behind the first in 
rotation, The maximum emf is the same in both coils. 
(c) Show the reference vectors for the two emfs at a time = 0, on the same figure. 
(d) Express the instantaneous value of e, in terms of the maximum emf, the angular velocity w, 
the time t, and constants as needed, 
(e) What is the value of w in rad/sec? 
(f) What are the instantaneous) values of e, and e, when t = 4/3 periods? 


GROUP 76 


760. The power expended as heat ina resistance of 20 ohms by a sinusoidal a.c. current of 60 


cycles per second is 320 watts. 
(a) What is the effective current, and the maximum current? 
(b) What is the maximum difference in potential between the ends, and what is the effective dif- 


ference in potential? 
761. What is the maximum difference in potential between the wires of a 110 volt a.c. line? 


762. During what per cent of the total time does the magnitude of the instantaneous current ex- 
ceed the effective value for an alternating current? 


GROUP 78 


780. What must be the value of an inductance L if a maximum emf of 8 volts at 60 cycles per 
second sends a current with a maximum value of 6 amps through L? 


781. Check the answer to the above problem by a different method using Fig. 347 in Sect. 347 
as follows: Mark a time scale in seconds on the time axis for a 60 cycle current, and determine 
by graphical measurement the maximum value of di/dt, which occurs at the point F. Using the 
value of L obtained in the preceding problem with this maximum value of di/ dt, compute the 
maximum emf, which should be 8 volts. 


782. A sinusoidal emf having a rms value of 150 volts is applied in a path having an inductance 
of .2 henries. 

(a) If the frequency is 60 cycles per second, how much current will flow? 

(b) If the frequency is 1000 cycles per second, how much current will flow? 


184 
GROUP 79 


outlet of a 113 volt line. What current wij; 


90, A $2 mfd condenser is connected across an (b) if the frequency is 6000 cycie, 


in the path (a) if the frequency is 60 cycles per second? 
Per second? 
#2 of Sect. $48 is 3 amp, and the maximum emf is g9 


T81. The maximum current in Fig. 348 what is the capacitance to which these curves 


volts. If the frequency is 60 cycles per second, 
apply? 

thod, as follows: Lay 
T92. Check the answers of the preceding problem by a different me off a 
time scale in seconds on the time axis of Fig. 348-2, and compute from graphical measure- 
ments the maximum value of de/dt, Then use this maximum value of de/dt with the value of ¢ 
&s found in the preceding problem to compute the maximum current which should be 3 amp. 


795. A condenser allows a current of .05 amp to flow when connected to a 50 cycle alternating 
voltage of 110 volts. (a) What is the impedance? 
(0) What would be the impedance at 10,000 cycles per second? 


796. A resistance of 2 ohms, an inductance of .001 henry and a capacitance of 5 mfd are listeg 
in the table below. Compute the impedance for each one at each of the frequencies given and Ay 
the values in the table. 

a Frequency Resistance Inductance Capacitance 


[Tee we | | | 4 
Se 
eae iain 


(c) 6,000,000(About 1000 kilocycles) | 


(1000 kilocycles is in the range of Radio Broadcasting frequencies) 


787. Compute the current that would flow through each of the paths of the preceding problem if 
an emf of 10 volts was applied to each. 


GROUP 80 


800. The curves of Fig. 800 repre- 
sent the respective emfs in two 
paths connected in series. The 
equations for these emfs are 


e, = (6v) sin wt 
e, = (8v) sin (wt + 90°) 


(a) On this figure, add the ordinates 
of the two curves at intervals of an 
eighth of a period and draw in the 
curve for the emf e applied to the 
combination. 
(b) If e = E, sin (wt +a), deduce 
from your curve the values of E, 
and @ by graphical measurements. 
(c) Record the values of e,, e,, and 
e at a time t = 3/8 period as deter- 
mined from the curves. 

Fig.800 


801. Add the emfs e, and e, given in the preceding problem by adding the rotating vectors for 
these quantities, and compare the values of E, and @ found with those found there. 


802. Two emfs, e, = (8v) sin wt and e, = (16v) sin(wt + 240°) are connected in series. 

(a) Show the positions of the rotating reference vectors at zero time, drawn to scale. 

(b) On the same figure, show the rotating vector for the resultant emf e. 

(c) If the resultant emf is written in the form e = E, sin (wt + @), give values of E, and a. 


803. Two generator coils rotate together. The effective emf in each is 120 volts. The first 
coil has zero phase angle when t = 0, and the second coil is 60° behind the first. If the two coils 
connected in series give a resultant emf e = E, sin (wt + ©), what will be the value of @ and 
what will be the effective value of the resultant emf? 


GROUP 81 


810. A 60 cycle sinusoidal current having a maximum value of 5 amp with a phase angle of zero 
flows through a resistance of 6 ohms and an inductance of .02 henry in series. Compute the 
values of (E,)z,, Eo, anda, using the notation of Sect. 361. 


811. What would be the readings Ep, Ey,, and E of voltmeters reading effective values when 
these meters are connected respectively across R, L, and the series combination of R and L as 


given in problem 810? 


785 5 and 4 cm = 1/69 

= am n = 
812. (a) Plot the current of problem 810 against time with I em . ii 
and t = 0 when the current is zero and eRe emf ep across the resistance, and with g 


(b) On the same axis plot with a dotted line (..... { the refi 
w the position of the reference vector, 
dashed line (----- ) the emf ey, across the inductance. ote cm = 20 volts. On the same figure, 


for ep ande ona reference circle at the time t = 0. ion of R and L, 
show viso the’ reference vector for the emf e across the combination 


GROUP 83 


830. (a) A resistance of 3 ohms is connected in series with a pure Casha al nerd im- 
Pedance of 4 ohms at 60 cycles, What current will flow when 110 volts pp combi- 


nation? 


(b) What is the magnitude of the inductance? 
(c) What current would flow if 2 110-volt emf having’a frequency of 1000 cycles per second Were 


applied to the two in series? i 
(a) How much current would flow if a constant emf of 110 volts were applied? 


) t of 2 ampere flows 
831. When a 60 cycle emf of 100 volts is applied to an inductor, a curren 7 
When a d.c. emf of 100 volts is applied, a current of 2.5 amperes flows. What is the impedance 


of the inductor at 60 cycles, and what is its inductance? 


832. What is the impedance of a series combination of a resistance of 10 ohms and an induct- 
ance of .01 henry for a frequency of 60 cycles? 


GROUP 84 


840. An inductance L of .01 henry, a resistance R of 5 ohms, and a capacitance C of 200 mfd 
are connected in series. A 60-cycle alternating current having a maximum value of two am- 
peres with a phase angle of zero flows through the combination. 

(a) Compute the impedance of each part of the path separately, compute the impedance of the 
combination, and show the relation between these on a vector impedance diagram. 

(b) Find the maximum emf across each part of the path and show all these on a reference circle 
diagram at a time when the current is zero and increasing. 

(c) If the total emf applied in the combination is e = E, sin (wt + o), find E, and @ and show 
the rotating vector for e on the diagram of part (b), 


841. A resistance of 3 ohms, an inductance of .204 henrys and a capacitance of 5 mfd are con- 
nected in series to an emf of 10 volts, having a frequency such that 2 rf = 1000 per second, 
Compute (a) the impedance of the condenser; (b) the impedance of the series combination; 

(c) the current through the condenser; (d) the voltage across the condenser, . 


842. A 2 Ufd condenser can stand a difference in potential of 450 volts. Would it be possible to ° 
injure this condenser with too much voltage by connecting it in series with an inductor to a ‘ 
110-volt, 60-cycle iine? 
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843. A resistance, an inductance, and a co The effective 
ndenser are connected in series. 

value of the be across the inductance is 50 volts, that across the resistance is 80 volts en 

that across the capacitance is 90 volts, T : r second, The resistance 

op 30 ohne, he frequency is 60 cycles pe od 

(a) What ts the effective emf across the combination? ~~“ '!  / 

(>) What is the impedance of the combination? 


GROUP 87 


Fig. 870 


870. The curves of Fig. 870 show an emf e = (80v) sin(wt + 60°) which is required to send a 
_current i = (6 amp) sin wt through a coil. 


“ (a) In the reference circles indicated, draw the vectors for e and i at t = 0. 


(b) Indicate on the graph the fractional parts of each period during which power is being ex- 
pended by the emf. 
(c) What is the average power expended by the emf? 


GROUP 88 


880. A toy train transformer furnishes 10 amp at 6 volts to operate the train. The secondary 
coil has fifteen turns and the primary voltage is 120 volts. 


(a) Compute the current taken from the 120 volt power outlet assuming that the transformer acts 


as an ideal transformer. 
(b) How many turns must there be on the primary coil of this transformer? 
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t 
881. It is desired to construct a step-up ore arn . 
4 neon sign at 9,000 volts, with a primary co 
power supply. i? 
a) How many turns must be used in the pene es cies tena? 
(b) What current will the transformer take fro 


0 milliamperes of current to 
oe pale wire connected to a 120 volt 


f 20 ohms, 
882. A power line between two cities has a nmap reise etigeuie tuk tienaaiiak oh 
(a) Compute the power lost in this resistance ie. 
give 20,000 vetis: wiih a power factor of a bi —— power is transmitted to give 120 volts 
(b) Compute the power lost in the same 
at the end, 
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he. 
12. 
1s. 


la. 
1S. 


20. 
Qi. 
22. 


QS. 
26. 
ey. 


SO. 
Sl. 
Six 
32. 


SS. 


40. 
41. 
42. 
42x 
45. 


45x 
44. 
S4. 


S7. 


58. 


59. 


60. 


6l. 
70. 
71. 
72. 


72x 
73. 
74. 


75. 
76. 
77. 
78. 


80. 


19 pp coul 

6 nt 

(a) 9 x 107 nt 

(b) 9.18 x 10,9 af 

(ce) 1.02 x 104 ton 

-00196 nt, B 

(a) 106 coul 

(b) 487 x 105 ton 

5000 nt/coul, B 

2000 nt/coul, 8 

35.92 js coul 

(a) 21.6 x 10° nt/coul, W 

(v) 900 nt/coul, B 

(a) 18,000 nt/coul, W 

(v) 0.9 nt/coul, W 

(a) 18 nt/coul 

(bv) 2 nt/eoul 

700 J 

80 v, B is higher 

(a) 6 coul (b) 700 J 

(a) .025 joul 

(>) 1.275 gm 

(c) 25,000 v/m, or 
25,000 nt/coul 

(a) 600,000 j 

(bv) 20,000 nt. 


S000 kv 


18 kv 

(a) S40 kv, (b) zero 
(a) Zero, (b) 108,000 v/m 
(a) S4 kv, 30 kv, 54 kv 
(>) 24 kv, A toB 

(a) -36 kv, 0, +56 kv 
72,000 v 

(a) 400 w 

(bo) 100 nt, 22.4 Ib 

(a) 80 x 10-17 j 

(>) 4.18 x 109 cm/sec 
(a) 128 x 10-17 j 

(bd) 16 x 10-16 y 

(c) FtoA, AtoB 

(a) 128 x 10-17 j 

(bv) 96 x 1017 4 

(c) FtoA, Btoa 


56.5 nt/coul, 0.28 v 


4 pfa 
(a) yes, (b) 800 ucoul 
(a) .0059 mfa 

(>) .01168 ma 

-0106 mfa 

1250 mfd 

(a) 0.4 p coul 

(b) 3200 v, 125 mmfa 
500.6 v 

0.05 Jj 

36 Jj 

(a) 2.5 x 10-6 

(») 12.5 x 10-6 

a) 0.00003 a, 30 pa 
{3} 18.8 x 1013 e/sec 
(c) 555.5 min 


Answers to Problems 


100. (a) 5 v, (vb) 50 w 
100 x (a) O.2v, (b) LO w 
101. 86.4 cal 
102. 20 nt, 20 nt/coul 
lll. 536 x 105 eec 
112. w/4 lb 
113. 27.1 gm 
114. .00068 gm/coul 
115. 3.33 x 10-4 gm/coul 
116. (3 0.414 liters 

b) 0.207 liters 
117. Re 2 gm 

() Vol H = 2 Vol O 
11g. (a) 113 x 1022 

_ 9.7 x 10-25 gm 

ec) 1.094 gm 
(d) 0.000304 gm/coul 
119. 17.3 gm 
120. 5400 J, 1290 cal 
120x (a) 5.94 x 106 J 

(b) 6600 w 
121. 3.6 x 106 J 
122. 6 kw, 8.04 hp 
123. (a) 2 pj, 

(b) 0.04 pooul 

(c) 8 nj, (a) 6uJ 
130. 16.3 ohm 
151. 60 v 
140. (a) 36,000 coul 

(b) 3.96 x 106 3 

(c) 1100 w, (4) 11 ohm 
141. (a) 20.2 ohm, 242 ohm 

(>) 5.45 a, 0.45 a 
141x 121 ohm, 0.909 a 
142. 4.7 a 
1435. 0.15 w 
144. (a) Sv 
145. (a) 100 w 

(b) $.05 
145x 9 cents 
146. (a) S00 w 

(b) 14,300 cal 
147. Less than l44w 
148. 500 w 
150. 4 ohm 


153. 0.5 a, 1.5 a, 1.3 ohm 
154. (a) 6.24 ohm, (b) 29% 
155. (a) .Sa, 2a 

(c) 4 tol 
156. (a) 220 watt iron 
160. 4.62 ohm 


161. (a) 2.4a, 0.8 a, 0.4a 


(b) 2.4 v (c) 2/3 ohm 
161x 1.25 ohm, 100,24 
(a) 1.23 ohm, (b) 5a 


164. (a) 1Ol ohm, (b) 3.96 ohm 


65. 11 obm and 1 ohm 


166. (a) eg (b) 100,000% 


180. 0.0001 o 


161. (a) 9 ohm, (b) O.5 a 
182. 0.5 ohm 
190. 2320 ohm 
191. 4200 ohm 
192. (a) 200 ohm, (b) 400 ohm 
(c) 39.6 volts 
195. 20.06 volts 
200. (a) 4 v battery charged, 
20 v battery discharged 
(b) 15 v, B higher 
(c) 9v, B higher 
201. Discharging current >3a 
210. (a) 0.5 a, (b) 5.5 v 
(c) A=0,B=5.5,C25.5,De1.5 
{a} A=0 ,B=6 ,C=0 ,D=0 
a) 15 4 (b) 0.75 v 
(c) 338 J (4) 338 j 
212. 2.5 a, 0.2 ohm 
213. (a) 200 a (b) 0, (c) Heat 
214. 1 ohm total of both wires 
215. (a) 1.364 v, (b) 1.485 v 
216. is} 119 ohm, 1 ohm 
b) 6/119 a, (c) 6 amp 
220. 0.5 amp 
221. 8 v, 6 ohm 
230. (a) 4 4 from left to it. 
(b) 2/3 ohm ~~ 
230x (a) 4 v, A is higher 
(bv) la fromT toa 
(c) 2 ohms 7- 
231. 0.4 amp 
240. (a) 150 ohm, (b) 0.012 a 
(c) yes, (d) yes 
241. 1/2 ohm, 222 ohm 
242. 5 ohm, 15 v 
250. 1 ohm 
251. 0.045 cm 
251lx .11 cm 
253. 100 ohm C.M./ft 
253x 8.0 ft 
255. (a) 80 ohm C.M./ft 
(b) same 
256. (a) 1.64 times 
(bo) 1.28 times 
260. 0.00294/°C 
261. 16.4 ohms 
270. (a) 1 ohm 
271. (a) 1 ohm (b) 25 cm (c) No 
274. (a) From T! 
(bo) From T 
(c) Zero, (a4) From T! 
{3} Zero, (f) From T 
275. 0.5 v,; Sv 
276. More than 1.37 
277. 5a 
280. 9.6 mv 
281. (bv) k = .8 
290. (b) 96 v (c) 10.6 ohm 
300. 0.0049 web/m?, 49 gauss 
301. 0.003 nt (.306 gf), 
south, 30° below horizontal 
302. 0.0026 nt, W 
503. 0.0015 nt, E 


. (a) 0.0008 nt, & 


(vb) 0.00004 nt m 

or .408 gf om 
Vertically up 
(a) 0.19 em, (b) clockwise 
a) 0.5 gauss, 37° N of W 
b) 37° N of W 
(a) 0.173 gauss, (b) 8 pole 


. 0.363 gauss 


0.0519 nt (5.29 gf) 

25 x 10-6 lines (web) 
40,000 m® 

25 lines (microweb) 
0.392 lines (web) 
392,000 Linea (microweb) 
15 nt (1.53 kgf) 

25.9 lines (web) 

34.6 lines (microweb) 
3.9 x 10-12 web/m?, wW 


(b) more than 3100 times 


. At P, 3 microweb/m?, 8 


At R, 1.5 microweb/m?, 
At T,' Zero 


. (a) 47-1 microweb/m?, s 


(bv) Decreased 
4700 microweb/m= 


. 94.0 microweb /m 


26.7 microweb/m*, down 
(a) .346 gauss 

(b) -688 amp 

(c) up 


. (a) 4.24 x 10-5 amp 


(bd) .2 gauss 


. 8 microweb/m* (.08 gauss) 
- (a) 400 amp North 
. 4,460 microweb 


(a) .241 web/m? 

(b) 9.64 x 10-6 seb 
9.64 microweb 

(a) 3.14 amp 

(b) 1-20 microweb 

3.98 amp 

(a) .0001 web/m? 

(b) 0045 nt, 

a) .0003 web/m? 

‘b) 0045 nt, down 

03 v 

a) 3.02 microweb 

'b) 4.52 microvolt 

(a) .25v, (b) 20 nt ~ 

8.5 microweb 

-2 microweb 

20 ‘microweb /m™ 


. 40 microcoul 


17.3 microcoul 

a) 10 microweb 

>) .05 web/m? 

(a) 60,000 microweb /m* 
'b) 120 

c) 36,000 microweb/m? 
a) 100,000 microweb/m= 
(bv) 16.7, (c) 6 microweb 
12,000 microweb 


534, 


540, 
541, 
562. 
563. 
564. 


- (b) 5, 


fe} 1000 ao. (a) 3.77 ohm, 13.28 
b) 509.5 microweb 5 ohm, 10.7 

8 x 10-6 web 1.54 v, 26. 
3.2 gauss 
50 w 

90 v 


a) 


2 amp, (4) 


136 v, (b) 4 ohm 
4602 w, (d) 78.2% 
710 wy (b) 100 v 
-2h, +206, 417.6% 
40, (b) Ba, (os 


w 

0.5 a, (b) 
7500 turns, (b) 
1600 kw 
50,000,000 kw 
12 a, (b) Ga, (c) 6a 

4a, (b) 6a, (c) 10a 


0.05 sec, (b) 
mfd 

500 ohm, (b) .05 a 
2000 ohm, (b) .012 a 
0.15 ma 


20 sec 


. 2,88 ma 
. (a) 0.5 mea 


(b) 40 pa, B to F, (c) zero 


. 0.02 hy 

+ 120 v 

. 0.04 hy, 40 mhy 

. 5000 j 

. A, 0.012 hy, 4 ohm 


B, 0.003 hy, 6 ohm 

12 a/sec, (b) 3a 

9 a/sec 

0, 50, 100, 50, 0, -100 
+ in I and IT, 
- in III and IV 

0.50 v 

40x rad/sec 

(f) 86.6 v each 

(a) 4a, 5.6a 

(bo) h2v, 8v 


- 155 v 

« 50% 

. 0.0035 hy 

+ (a) 1.99 a, (vb) 0.12 a 


(a) 1.36 a, (bv) 136 a 
99 mfd 


0, infinity 
0.5, 400 
6000, .083 
infinity, 0 
20, 1/40 
(c) 5, 1/600, 300 


é LO°v:,, ‘53° 
. 13.8 v, 270° 


-30°, 208 v 
30 v, 37.7 v, 48.1 v, 52° 


. 21.2 v, 26.6 v, 54 ¥ 
+ (a) 22 a, (b) .0106 hy 


(c) 1.64 a, (d) 36.6 a 


. 50 ohm, 0796 hy 


10.69 ohm 


ohm 


5, 


ohm 


1o 7 


200 ohm, (b) 5 ohm 
400 ¥ 
92.4 v (b) 20.6 ohm 


300 turns 


3a 
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Acceleration of charges 16 
Alternating currents 105 
effective value 107 

Generator. 95 
meters 111 
vector addition 114.15 
Ammeters 27, 33 
Ampere 25 
Ampere's law 70 
Amperian circuit 83 
Amp/m 87 
Amplifiers 128, 133 
Amplification factor 132 
Atoms 2 
Atomic weight 46 
Avogadro's number 40 
Battery 
charge and discharge 48 
primary 45 
storage 45 
Capacitance 22 
Capacitor 21 
discharge 99, 100 
energy of, 24 
Cathode ray tube 112 
Cells 
chemical 20, 49 
standard 45 
storage 45 
Charge 
electronic 1 
motion in electric field 16 
motion in magnetic field 66 
units 3 
Charging by induction 17 
Chemical cells 45 
Circuits 
ac 113 
motor and generator 97 
networks 51 
series 49 
Circular mil 37 
Coercive force 88 
Compass 59 
Conductors 5 
Coulom 3 
Coulomb's law 4 
Currents 
effective 107 
energy of 102 
exponential 103 
from capacitor 100 
growth and decay 103 
units 25 


See also alternating currents 


D'Arsonal galvanometer 26 
Diamegnetism 89 
Dielectrics 23 

Diode 126 


Discharge 98 
capacitor 98 
exponential 96 
gas 57 

Drop, potential 26 

Bddy currents 79 

Effective value of ac 107 

Electromagnetic waves 122 

Blectric 
fields 7 
oscillations 120 
potential 9 

Blectricity and mtter 1 

Blectro-chemical equivalent 42 

Electrolysis 39 

Electromagnetic waves 122 

Electromagnets 82 

Electromotive force 46 
induced 251 
motional 78 

Electron 1 
gun 17 

Electrophorus 19 

Electroscope 4 

Electrostatic generator 19 

Energy 
of current 102 
of capacitor 24 
of oscillations 121 

Equipotential surfaces 13 

Exponential 


magnetic 59, 64, 70 
magnetic flux density 63 
magnetic field intensity 87 
Flux density 63 
units of 64 
Flux-meter 61 
Galvanometer 
ballistic 80 
current 27 
sensitivity 27 
tangent 175 (fn) 
Gases 
conduction in 57 
Gauss 64 


Hysteresis 88 
Impedance 110 


Induced 
charge 17, 80 
enf 75 
Inductance 
coil 104 
mutual 100 
self 102 
Induction 
electramgnetic 75 
electrostatic 17 
Insulators 5 
Internal resistance 47 
Inverse square lev 
for charges 4 
for currents 70 
for poles 136 
Ions 39 
Kirchhoff's laws 30, 51 
Lenz's law 79 
Lines 
of electric force 8 
of magnetic flux 68 


indnction 63 
intensity 87 (fs) 
lines of force 60 
materials 85, 89 


moving coil 26 
volt 27 
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Temperature coefficient 


Oscillations 120 Power 
Paramagnetism 89 in resistance 27, 106 of resistance 38 
Parallel plates 14, 22 in ac paths 117 Terminal voltage 48 
Parallel vires 74 Power factor 117 Thermionic emission 124 
Peltier effect 55 Rectifiers 126 Thermocouples 55 
Permeability Resistance 25 Thompson emf 56 

of empty space 71 equivalent 31 Time constant 99 

of materials 86 internal 47 Transformers 118 

relative 86 of materials 357 Triodes 127-155 
Permittivity 24 of triode 131 Valence 40 
Poles 59, 8&3, 91 parallel and series 31 Van de Graaff 20 
Potential 9 resistivity 36 Volt 9 

derivation 134 temperature coefficient 38 Voltmeter 27 

difference 11 thermometer 39 multipliers 35 

divider 32 Resistivity 36 Watt 28 

gradient 13 Resonance 116, 122 Watt meters 75 
Potentiometer S2, 55 Self-inductance 101 Waves, electromagnetic 82 

Solenoid 72 Weber 69 


Space charge 125 Webder/m* 64 


